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The Effective Continuum Micromechanics Analysis Code (EC-MAC) was
developed for predicting effective properties of composites containing multiple distinct
nanoheterogeneities (fibers, spheres, platelets, voids, etc.) each with an arbitrary number
of coating layers based upon either the modified Mori-Tanaka method (MTM) and self
consistent method (SCM). This code was used to investigate the effect of carbon
nanofiber morphology (i.e., hollow versus solid cross-section), nanofiber waviness, and
both nanofiber-resin interphase properties and dimensions on bulk nanocomposite elastic
moduli. For a given nanofiber axial force-displacement relationship, the elastic modulus
for hollow nanofibers can significantly exceed that for solid nanofibers resulting in
notable differences in bulk nanocomposite properties. The development of a nanofiberresin interphase had a notable effect on the bulk elastic moduli. Consistent with results
from the literature, small degrees of nanofiber waviness resulted in a significant decrease
in effective composite properties.

Key aspects of nanofiber morphology were characterized using transmission
electron microscopy (TEM) images for VGCNF/vinyl ester (VE) nanocomposites.
Three-parameter Weibull probability density functions were generated to describe the
statistical variation in nanofiber outer diameters, wall thicknesses, relative wall
thicknesses, visible aspect ratios, and visible waviness ratios. Such information could be
used to establish more realistic nanofiber moduli and strengths obtained from nanofiber
tensile tests, as well as to develop physically motivated computational models for
predicting nanocomposite behavior. This study represents one of the first attempts to
characterize the distribution of VGCNF features in real thermoset nanocomposites.
In addition, the influence of realistic nanoreinforcement geometries, distinct
elastic properties, and orientations on the effective elastic moduli was addressed. The
effect of multiple distinct heterogeneities, including voids, on the effective elastic moduli
was investigated. For the composites containing randomly oriented wavy vapor grown
carbon nanofibers (VGCNFs) and voids, the predicted moduli captured the essential
character of the experimental data, where the volume fraction of voids was approximated
as a nonlinear function of the volume fraction of reinforcements. This study should
facilitate the development of multiscale materials design by providing insight into the
relationships between nanomaterial morphology and properties across multiple spatial
scales that lead to improved macroscale performance.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW

1.1. Composite materials
Many aerospace and automotive structures are made with polymer composite
materials [Hussain et al. 2006] because of their excellent mechanical properties, light
weight, tailorability, and multi-functionality [Jones 1999, Odegard et al. 2001, Odegard
et al. 2005, Liu and Brinson 2006, Fisher et al. 2002, Buryachenko et al. 2005,
Gates et al. 2005]. Polymer nano-reinforced composite materials have been developed
with the goal of obtaining significant material property enhancements resulting from the
high surface-area-to-volume ratio associated with common nanoreinforcements [Luo and
Daniel 2003, Al-Saleh and Sundararaj 2009, Sun et al. 2009, Eitan et al. 2006,
Kang et al. 2006, Li et al. 2007, Zheng et al. 2009, Chatterjee and Islam 2008]. While
use of nanoreinforcements has the potential to drastically improve macroscale thermal,
electrical, and mechanical properties, there are intrinsic difficulties associated with
developing empirically validated nanoscale material models that account for
environmental influences. In addition, nanocomposite processing is a key challenge due
to difficulties in nanoreinforcement dispersion and dramatic increases in resin viscosity
due to the presence of nanoreinforcements [Toll 1998]. In this study, thermoset polymer
matrix composites (PMCs) are investigated in order to develop a multiscale design and
1

analysis methodology for use in aerospace and automotive structural nanocomposite
applications.

1.2. Materials: resin, reinforcements, and interphase
Thermoset resins are widely used in automotive composites due to their excellent
chemical and thermal properties, high strength and stiffness, and low fabrication costs in
comparison with thermoplastic resins. In this study, Derakane 441-400 vinyl ester
[Ashland Chemical Co. 2010] was used as the primary thermoset matrix material because
of its relatively low cost, good chemical and environmental resistance, and good
mechanical properties. In addition, PR-24-XT-LHT-OX vapor grown carbon nanofibers
(VGCNFs) [Applied Sciences Inc. 2010] were selected as the primary
nanoreinforcements in this study because of their excellent mechanical properties and
relatively low cost when compared to carbon nanotubes (CNTs).
The VGCNF morphology and properties have a significant effect on bulk elastic
moduli of polymer composites. Typically, VGCNF diameters and aspect ratios fall in the
ranges 60-200 nm and 50-2000+, respectively [Ozkan et al. 2010]. In addition, the
composition of VGCNFs may vary radially throughout the wall thickness. Provided that
the mechanical properties of these layers were known, the bulk nanocomposite properties
could be estimated using the procedure developed in this study. A statistical
investigation of the morphology of Applied Sciences Inc. PR-24-XT-LHT-OX VGCNFs
in as-manufactured vinyl ester thermoset nanocomposites has been performed using the
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) [Yu
et al. 2011]. Key aspects of nanofiber morphologies obtained from the statistical study
2

can be employed in the development of classical micromechanics models to predict
effective elastic moduli of composites.
One key issue is determining the effect of the nanofiber-matrix interphase on bulk
composite properties. The interphase plays a crucial role in load transfer from matrix to
fiber [Hashin 2002, Kim et al. 1991a, Kim et al. 1991b]. Given the relatively large
surface-area-to-volume ratio associated with typical nanoreinforcements, the volume
fraction of an interphase region may be significant compared to that of the
nanoreinforcements. In some cases, thermoplastic composites with 6-10 μm diameter
continuous carbon fibers have fiber-matrix interfacial regions over 500 nm thick [Ishida
1983, Ishida 1985, Ishida and Kumar 1986, Iahida 1990, Jancar 2008]. If a 100 nm
diameter nanofiber induced a similar interphase thickness, then the interphase volume
fraction would be 120 times greater than that of the nanofibers. This suggests that the
mechanical properties of the interphase, while very difficult to experimentally measure,
may play a crucial role in determining the effective nanocomposite properties. As part of
a parallel study, our polymer composite research group is investigating the determination
of nanofiber-matrix interphase properties using molecular dynamics (MD) simulations
[Nouranian et al. 2010]. Interphase properties obtained from MD simulations will
eventually feed into micromechanical models to estimate effective composite properties.
In this work, a parametric study was performed to assess the influence of the mechanical
properties and dimensions of both the fiber and the interphase region on the predicted
elastic moduli.

3

1.3. Micromechanics approaches
In VGCNF/VE nanocomposites, the effective elastic properties significantly
depend on 1) the VGCNF orientation, dispersion, cross section, aspect ratio, and degree
of waviness, and 2) the VE matrix elastic properties. Mechanical test data from tensile,
compressive, and flexure [Lee 2010] tests for polymer nanocomposites were used to
validate the micromechanical models developed in this study. In order to estimate the
effective nanocomposite material properties, classical micromechanics approaches (mean
field approaches) such as the Mori-Tanaka method (MTM) [Mori and Tanaka 1973,
Benveniste 1987], the self-consistent method (SCM) [Hill 1965], and the coated inclusion
method of Mura (1987) and of Nemat-Nasser and Hori (1993) have been employed.
Eshelby (1957) investigated the stress and strain field due to the presence of an
ellipsoidal inclusion in an infinite domain subjected to uniform far-field loading; the
Eshelby method serves as a basis for homogenizing multi-phase (heterogeneous)
materials as expanded by Mura (1987) and by Nemat-Nasser and (1993). Based on the
Eshelby method, micromechanics techniques such as the MTM [Mori and Tanaka 1973,
Benveniste 1987] and SCM [Hill 1965] have been developed for predicting effective
heterogeneous material properties, particularly for composites containing low volume
fractions of reinforcements in an elastic resin [Benveniste 1987, Hill 1965, Qu and
Cherkaoui 2006]. These classic analytic micromechanical models have been modified to
account for the effect of multiple distinct heterogeneities on the effective properties of
composites. Fabrication of real nanocomposites with well-dispersed and preferentially
oriented nanoreinforcements remains a significant challenge. Addition of small amounts
of nanoreinforcements can increase liquid resin viscosities by over an order of magnitude
4

[Toll 1998, Sudduth 2008]. This may result in increased void content due to difficulties
in degassing prior to curing, even particularly at lower volume fractions of
nanoreinforcements. Poorly dispersed or agglomerated nanoreinforcements become a
profound concern as the volume fraction of reinforcements or resin viscosity is increased.
In this case, only a fraction of total nanoreinforcements may be effective in enhancing
composite stiffness and strength because of the agglomerates. Agglomerates may lead to
a significant reduction in bulk composite properties. The modified micromechanical
models have been used to estimate effective properties for composites containing defects
such as voids, agglomerates, and other features in real composites. In addition, the
influence of arbitrary nanoreinforcement geometries (i.e. fibers spheres, platelets, etc.),
distinct elastic properties, and orientation, as well as interphase layers (coatings), are
addressed.

1.4. Motivation for and outline of the dissertation
The motivation for this study is to establish a framework for evaluating structure
property relationships over a range of disparate length scales. A combination of classical
micromechanics and the morphologies/geometries of real heterogeneous nanomaterials
have been used to predict evolution of composite structure at the nano- and micro- scales.
A multiscale design methodology has been developed to investigate the effects of
nanoreinforcements on the mechanical properties of nanofiber-reinforced composites.
The development of a multiscale modeling strategy for assessing high performance
nanocomposites that accounts for the influence of nanoreinforcement morphology is
especially important because the effective composite properties are dependent on
5

nanoreinforcement orientation, dispersion, cross section, aspect ratio, and degree of
waviness, which are all considered factors in this study. Morphology characterization of
real heterogeneous nanomaterials for use in micromechanical models may provide better
estimates of the effective nanocomposite moduli. As a result, this work contributes to 1)
establish empirically validated multiscale analysis methodologies which will allow
structure-property relationships to be obtained over a range of length scales, and 2)
facilitate the development of engineered multiscale materials design by providing insight
into the relationships between nanomaterial morphology and properties across multiple
spatial scales that will lead to improved macroscale performance.
This dissertation has been organized into the following chapters. In chapter 2,
classic analytic micromechanical models (i.e., Mori-Tanaka and self-consistent) have
been employed to estimate effective properties for composites containing multilayered
ellipsoidal heterogeneities [Mura 1987, Nemat-Nasser and Hori 1993, Qu and Cherkaoui
2006]. The influence of nanofiber aspect ratio, cross-section (hollow versus solid),
interphase, and degree of waviness on effective properties are specifically addressed. In
chapter 3, key aspects of the morphology of nanofibers contained within VGCNF/vinyl
ester nanocomposites are characterized using TEM images. The statistical distribution of
nanofiber diameters, wall thicknesses, aspect ratios, and degree of fiber waviness are
characterized using three-parameter Weibull distributions. The effect of variations in
nanofiber morphology on effective nanocomposite properties is specifically addressed.
In chapter 4, the modified Mori-Tanaka and self-consistent micromechanical models
have been developed to estimate effective stiffness properties for composites containing
multiple nanoheterogeneities (solid silica [Zhang et al. 2006] and hollow glass [Huang
6

and Gibson 1993] nanospheres, α-ZrP nanoplatelets [Boo et al. 2007], and VGCNFs
[Ozkan et al. 2010]). The influence of nanoreinforcement geometries, distinct elastic
properties, and orientations are addressed. The models are capable of treating either
hollow or solid reinforcements, each with an arbitrary number of surrounding interphase
layers (coatings). Single and multiple step homogenization procedures were both used to
determine effective properties for composites containing reinforcements of disparate
sizes (i.e., nanofibers or nanoplatelets combined with traditional E-glass fibers). Chapter
5 summarizes and concludes this study, as well as makes recommendations that,
hopefully, will facilitate the development and design of engineered multiscale materials.
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CHAPTER 2
CLASSICAL MICROMECHANICS MODELING OF NANOCOMPOSITES WITH
CARBON NANOFIBERS AND INTERPHASE

2.1. Abstract
A micromechanics parametric study was performed to investigate the effect of
carbon nanofiber morphology (i.e., hollow versus solid cross-section), nanofiber
waviness, and both nanofiber-resin interphase properties and dimensions on bulk
nanocomposite elastic moduli. Mori-Tanaka and self-consistent models were developed
for composites containing heterogeneities with multilayered coatings. For a given
nanofiber axial force-displacement relationship, the elastic modulus for hollow
nanofibers can significantly exceed that for solid nanofibers resulting in notable
differences in bulk nanocomposite properties. In addition, the development of a
nanofiber-resin interphase had a notable effect on the bulk elastic moduli. Consistent with
results from the literature, small degrees of nanofiber waviness resulted in a significant
decrease in effective composite properties.
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2.2. Introduction
Composite materials are widely used in aerospace/automotive applications due to
their good mechanical properties, tailorability, and multi-functionality [Hussain et al.
2006, Jones 1999]. Over the past two decades, nanoreinforced composite materials have
been developed [Luo and Daniel 2003, Nielsen and Landel 1994] with the goal of
obtaining significant material property enhancements resulting from the relatively high
surface-area-to-volume ratio associated with common nanoreinforcements. Recent
studies have emphasized the development of analytic and numerical models to facilitate
nanomaterial design in order to minimize the requisite amount of specimen preparation
and testing, cf., [Leszczynski and Shukla 2010]. Nanocomposite effective properties
depend on a number of factors including nanoreinforcement volume fraction, aspect ratio,
orientation, and dispersion, as well as matrix characteristics [Hashin and Rosen 1964,
Hill 1964, Hashin 2002]. In addition, the development of a nanoreinforcement-matrix
interphase region can have a large influence on bulk composite properties since the
volume fraction of the interphase can be significant in comparison to the volume fraction
of the nanoreinforcement; this is in contrast to traditional fiber reinforced composites
where the volume fraction of the interphase is relatively small [Hashin 2002].
In this study, classic analytic micromechanical models (i.e., Mori-Tanaka and
self-consistent) have been employed to estimate effective properties for composites
containing multilayered ellipsoidal heterogeneities [Mura 1987, Nemat-Nasser and Hori
1993, Qu and Cherkaoui 2006]. The influence of nanofiber aspect ratio, cross-section
(hollow versus solid), interphase, and degree of waviness on effective properties are
specifically addressed.
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2.2.1. Morphology and properties of vapor grown carbon nanofibers
As-manufactured vapor grown carbon nanofibers (VGCNFs) may display a
variety of fiber architectures. Individual fibers are most often hollow (Figure 2.1), or
display a bamboo-like structure (Figure 2.2). Typically, VGCNF diameters and aspect
ratios fall in the ranges 60-200 nm and 50-2000+, respectively [Ozkan et al. 2010]. In
addition, the composition of VGCNFs may vary radially throughout the wall thickness.
For example, Figure 2.3 shows a transmission electron microscopy (TEM) image of a
VGCNF cross-section from [Ozkan et al. 2010, Tibbetts et al. 2007] that clearly shows a
hollow VGCNF core surrounded by aligned graphene and then outer turbostratic layers.
Provided that the mechanical properties of these layers are known, the bulk
nanocomposite properties could be estimated using the procedure outlined in this work.
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Figure 2.1.

Scanning electron microscopy images of hollow VGCNFs.
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Figure 2.2.

a)
Figure 2.3.

Transmission electron microscopy images of VGCNFs with bamboo-like
structure.

b)
TEM image of a hollow VGCNF from a) [Ozkan et al. 2010] and
b) [Tibbetts et al. 2007].
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Several recent studies have employed novel experimental approaches to
determine VGCNF moduli and strengths, as well as to measure nanofiber-matrix
interphase properties. Manoharan et al. (2009) performed single nanofiber pullout tests
using in situ scanning electron microscopy (SEM) with a tungsten probe tip to measure
VGCNF/epoxy interphase properties. Ozkan et al. (2010) performed
microelectromechanical systems (MEMS) based tensile tests of Applied Sciences Inc.
PR-24-XT series VGCNFs. The tensile force (F) versus displacement (Δ) response was
determined for a large number of nanofibers over a range of typical nanofiber diameters.
These data were used to determine a statistical distribution of nanofiber tensile moduli
(nominal value 240 GPa) and strengths (nominal value 2.35 GPa). In developing the
nanofiber stress-strain responses [Ozkan et al. 2010], the authors assumed the VGCNFs
had solid cross-sections due to difficulties in measuring the hollow VGCNF wall
thicknesses. Note that for a given force-displacement response and fixed nanofiber outer
radius (Ro), the stress in a hollow nanofiber (σH) will exceed that of a solid nanofiber (σS)
due the lower amount of solid carbon in the hollow nanofiber’s cross-section.
Accordingly, the elastic modulus (EF) of the solid carbon in a hollow nanofiber with
inner radius, Ri, will exceed that of the solid nanofiber (EFS) for this case. i.e.,

EF 

E FS
1  ( Ri / Ro ) 2

(2.1)

This suggests the previous literature treatment [Ozkan et al. 2010] underestimated
the true carbon stiffness and strength. This is shown schematically in Figure 2.4.
Figure 2.4c contains a plot of the elastic modulus of solid carbon in a hollow nanofiber,
EF, as a function of the ratio, Ri / Ro (this assumes a fixed nanofiber force-displacement
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relationship). In this figure, the modulus has been normalized by that of a solid nanofiber,
EFS. Included in Figure 2.4c is the range of experimentally observed nanofiber wall
thicknesses, (Ri / Ro)EXP, based upon TEM imaging of PR-24-XT-LHT-OX VGCNFs in
as-manufactured thermoset nanocomposites [Yu et al. 2011b]. Clearly, accurate
determinations of typical nanofiber cross-section dimensions and morphology are crucial
for quantifying the elastic properties and strengths of VGCNFs. As an aside, the authors
have characterized the statistical distribution of nanofiber diameters, wall thicknesses,
aspect ratios, and degree of fiber waviness based upon extensive TEM imaging of PR-24XT-LHT-OX VGCNFs in a vinyl ester resin [Yu et al. 2011b]. For reference purposes, a
nominal VGCNF outer diameter of 150 nm was assumed in developing effective
nanocomposite properties in the current study.

19

a)

b)

c)
Figure 2.4.

a) Nanofiber subjected to fixed value of tensile force, b) axial stress-strain
response for solid and hollow fibers, and c) nanofiber elastic modulus as a
function of nanofiber wall thickness (Eq. 2.1).
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2.2.2. Nanofiber-matrix interphase properties
One key issue is determining the effect of a nanofiber-matrix interphase on bulk
composite properties. The interphase plays a crucial role in the load transfer from matrix
to fiber [Hashin 2002, Kim et al. 1991a, Kim et al. 1991b]. Given the relatively large
surface area-to-volume ratio associated with typical nanoreinforcements, the volume
fraction of an interphase region may be significant compared to that of the
nanoreinforcements. Thermoplastic composites with 6-10 μm diameter continuous carbon
fibers have fiber-matrix interfacial regions over 500 nm thick in some cases [Ishida 1983,
Ishida and Kumar 1985, Ishida 1986, Iahida 1990, Jancar 2008]. If a 100 nm diameter
nanofiber induced a similar interphase thickness, then the interphase volume fraction
would be 120 times greater than that of the nanofibers. This suggests that the mechanical
properties of the interphase, while very difficult to experimentally measure, may play a
crucial role in determining the effective nanocomposite properties. As part of a parallel
study, we are investigating the determination of nanofiber-matrix interphase properties
using molecular dynamics simulations [Nouranian et al. 2010]. In the current work, a
parametric study was performed to assess the influence of the mechanical properties and
dimensions of both the fiber and the interphase region on the predicted elastic moduli.
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2.3. Micromechanical modeling
Mori-Tanaka and self-consistent models have been used to estimate effective
heterogeneous material properties, particularly for composites containing low volume
fractions of reinforcements in elastic resins. Such approaches are based upon the Eshelby
solution [Eshelby 1957] for the stress and strain field due to an ellipsoidal inclusion in an
infinite domain subjected to uniform far-field loading (cf., Mura 1991; Nemat-Nasser and
Hori 1993).

2.3.1 Mori-Tanaka method
The Mori-Tanaka method (MTM) assumes that a single ellipsoidal heterogeneity
is embedded into a matrix domain, whose strain field has been perturbed by other
heterogeneities in the system. The MTM uses the continuum averaged stress and strain
fields to predict effective material properties [Mura 1987, Nemat-Nasser and Hori 1993,
Qu and Cherkaoui 2006, Mori and Tanaka 1973, Benveniste 1987]. For a composite with
matrix phase (0) and fiber phase (1), the effective 4th order elastic stiffness tensor can be
expressed as [Nemat-Nasser and Hori 1993]
L  L(0) : {I  c1 ( S (1)  I ) : ( A(1)  S (1) ) 1} : {I  c1 S (1) : ( A(1)  S (1) ) 1}1

(2.2)

where L(0) is the 4th rank elastic stiffness tensor for the matrix, c1 is the fiber volume
fraction, S(1) is the 4th rank Eshelby tensor for the fiber, A(1)  ( L(0)  L(1) ) 1 : L(0) is the
local strain concentration tensor for the fiber where L(1) is the 4th rank elastic stiffness
tensor for the fiber, and I is the 4th rank identity tensor. Here a colon “:” is used to denote
the tensor double dot product. The MTM may be modified for the case where a
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significant interphase layer exists between the fiber and matrix (Figure 2.5a). Based upon
a coated ellipsoidal heterogeneity idealization, the effective stiffness tensor for a
composite with matrix (0), fibers (1), and fiber-resin interphase (2) may be expressed as
[Nemat-Nasser and Hori 1993]
L  L( 0) : {I  c1 ( S  I ) : A} : {I  S : A}1

(2.3)

A  c1 ( A(1)  S ) 1 : (1  c2 )( A( 2)  S ) 1

(2.4)

where

Here S is the Eshelby tensor common to both fiber and interphase, c2 is the volume
fraction of the interphase, and A( 2)  ( L(0)  L( 2) ) 1 : L(0) is the local strain concentration
tensor for the interphase where L(2) is the 4th rank elastic stiffness tensor for the
interphase [Nemat-Nasser and Hori 1993]. This approach may be extended to the case
where an ellipsoidal inhomogeneity (1) is surrounded by n-1 interphase layers. A hollow
fiber may be simulated by simply letting the elastic properties of the innermost layer (1)
tend to null values while letting the adjacent layer (2) take on the elastic properties of the
fiber (Figure 2.5b). In this case, the effective elastic stiffness tensor for a composite
reinforced with hollow fibers and n-2 interphase layers may be expressed as
[Nemat-Nasser and Hori 1993]
n

n

 1

 1

L  L( 0) : {I   c ( S  I ) : ( A ( )  S ) 1 } : {I   c S : ( A ( )  S ) 1}1

(2.5)

where

A( )  ( L(0)  L( ) ) 1 : L(0)

(2.6)

Here S is the Eshelby tensor common to the inhomogeneity and all interphase layers, cα is
the volume fraction of the αth phase (α = 1, 2,..., n), and A(α) is the local strain
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concentration tensor for the αth phase where L(α) is the 4th rank elastic stiffness tensor for
αth phase [Nemat-Nasser and Hori 1993].

a)
Figure 2.5.

b)
Schematics of a) an ellipsoidal fiber surrounded by an interphase and b) a
hollow ellipsoidal fiber surrounded by multiple interphase layers adapted
from [Nemat-Nasser and Hori 1993].

2.3.2 Self consistent method
The self-consistent method (SCM) [Mura 1987, Nemat-Nasser and Hori 1993,
Qu and Cherkaoui 2006, Hill 1965] assumes that the nth ellipsoidal inhomogeneity is
embedded within a homogeneous matrix with unknown effective stiffness tensor, L . For
a composite with a matrix phase (0) and fiber phase (1), the effective 4th order elastic
stiffness tensor may be determined iteratively from [Nemat-Nasser and Hori 1993]

L  L : {I  c1 ( S (1)  I ) : ( A (1)  S (1) ) 1 } : {I  c1 S (1) : ( A (1)  S (1) ) 1 }1
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(2.7)

where

A (1)  ( L  L(1) ) 1 : L

(2.8)

Here, A (1) is the strain concentration tensor for the fiber (1) based upon the effective
composite properties.
Similar to the MTM, the SCM may be modified to include the effect of a fibermatrix interphase on bulk composite properties. For example, for a composite reinforced
with matrix (0), solid fibers (1), and fiber-resin interphase (2) the effective elastic
stiffness tensor may be expressed as [Nemat-Nasser and Hori 1993]
L  L : {I  c1 ( S  I ) : A} : {I  S : A}1

(2.9)

A  c1 ( A (1)  S ) 1 : (1  c 2 )( A ( 2)  S ) 1

(2.10)

where

Here A (1) and A ( 2 ) are the strain concentration tensors for the fiber and interphase,
respectively, based upon the effective composite properties. As an aside, if

c1 ( A (1)  S ) 1 : (1  c 2 )( A ( 2)  S ) 1  0

(2.11)

then the SCM and MTM will yield identical estimates for L . Relationships similar to
Eq. 2.5 and Eq. 2.9 were developed in this work to express self-consistent expressions for
the effective stiffness tensor for composites containing hollow ellipsoidal fibers with an
arbitrary number of interphase layers, i.e.,
n

n

 1

 1

L  L : {I   c ( S  I ) : ( A ( )  S ) 1} : {I   c S : ( A ( )  S ) 1}1
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(2.12)

where
A( )  ( L  L( ) ) 1 : L

(2.13)

MATLAB [Matlab 2008] algorithms were developed, based upon both the MTM
and SCM, to predict effective properties for composites containing ellipsoidal
heterogeneities with an arbitrary number of coating layers. Figure 2.6 shows a flow chart
summarizing the calculation steps used in the composite effective property estimation.

Figure 2.6.

Flow chart for micromechanically-based composite effective properties
estimation.
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2.4. Determination of fiber waviness
In general, the bulk elastic properties of composites containing straight fibers will
exceed those of otherwise identical composites containing fibers with varying degrees of
fiber waviness [Hsiao and Daniel 1998, Fisher 2002, Fisher et al. 2003a, Fisher et al.
2003b]. Even small amounts of overall fiber waviness can result in a significant decrease
in composite elastic moduli; this is particularly a concern for VGCNFs or other fibers that
exhibit a large degree of waviness in their as-manufactured state. Figure 2.7a contains a
scanning electron microscopy (SEM) image of a typical VGCNF. The geometry of a
wavy fiber may be approximated using a simple cosine function. For such a fiber aligned
in the x-direction, the y-coordinates of points lying on the centerline of the fiber may be
expressed as
y  h  cos(2 x /  )

(2.14)

where h and λ are the amplitude (height) and wavelength of the wavy fiber, respectively,
and h/λ defines the fiber waviness ratio (Figure 2.7b-2.7c). Using an approach developed
by Fisher and colleagues [Fisher 2002, Fisher et al. 2003a, Fisher et al. 2003b], the
preceding MTM and SCM estimates were modified to account for varying degrees of
fiber waviness. For example, the longitudinal effective modulus for a composite
reinforced with aligned wavy fibers may be expressed as [Fisher 2002, Fisher et al.
2003a, Fisher et al. 2003b]

EL 

(1  w) 3 / 2
w
3
w
(1  ) M 11  (1  w  (1  w) 3 / 2 ) M 22  (2M 12  M 66 )
2
2
2

where
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(2.15)

w  (2h /  ) 2

(2.16)

Here, M 11 , M 22 , M 12 , and M 66 are components of the effective compliance tensor
obtained from either the MTM or SCM.

a)

b)
Figure 2.7.

c)
a) SEM image of a VGCNF, b) idealized segment of a wavy fiber, and c)
examples of different degrees of fiber waviness (h / λ = fiber waviness
ratio).
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2.5. Effective properties for VGCNF/vinyl ester nanocomposites
One motivation for this study was to assess the relative influence of nanofiber
morphology, aspect ratio, and waviness on the effective elastic properties of thermoset
nanocomposites. In addition, the effect of an arbitrary nanofiber-matrix interphase on
bulk composite was investigated. For illustration purposes, Ashland Chemical Co.
Derakane 441-400 vinyl ester resin [Ashland Chemical Co. 2010] and Applied Sciences
Inc. PR-24-XT-LHT-OX VGCNFs [Applied Science Inc. 2010] were selected as the
matrix and nanoreinforcements phases in this study. Table 2.1 contains a summary of
representative matrix and nanofiber material properties obtained from the literature
[Tibbetts et al. 2007, Ashland Chemical Co., Applied Science Inc. 2010, Lee 2010]. The
VGCNF carbon density value of 1.95 g/cc [Applied Science Inc. 2010] was based upon
ultrapycnometry density measurements, and corresponds to the density of solid carbon in
the nanofiber cross-section (rather than a volume averaged quantity that includes the void
space in any hollow nanofiber core). An understanding of the “true” density of solid
carbon is crucial when converting from the weight fraction of VGCNFs (common in
nanocomposite specimen preparation) to the corresponding volume fraction (necessary
for nanocomposite property estimation). In addition, the VGCNF elastic modulus listed
in Table 2.1 assumed a solid nanofiber cross-section [Tibbetts et al.2007]. As mentioned
previously, for a fixed nanofiber axial force-displacement relationship, the fiber elastic
modulus strongly depends on the cross-section dimensions (Eq. 2.1). To illustrate this
point, Table 2.2 contains a summary of tabulated VGCNF elastic moduli as a function of
normalized nanofiber wall thickness, Ri / Ro.
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Table 2.1. Typical material properties.
Density Elastic modulus Poisson's
(g/cm3)
(GPa)
ratio
1
3
Derakane 441-400 Vinyl Ester
1.07
3.155
0.36
PR-24-XT-LHT-OX VGCNF
1.952
2404,5
0.36
Interphase
Unknown
Unknown
0.36
Material

1

[Ashland Chemical Co. 2010]
2
[Applied Science Inc. 2010]
3
[Lee 2010]
4
[Ozkan et al. 2010]
5
Assumed solid cross section
6
Assumed value

The modified MTM and SCM were used to determine the effective elastic moduli
of nanocomposites with either solid or hollow fibers. Parametric studies were performed
to assess the effect of nanofiber aspect ratio and orientation, interphase layer thickness
and properties, and nanofiber waviness on elastic moduli. While the methodology has
been employed for ellipsoidal nanoreinforcements with arbitrary aspect ratios
(continuous and short fibers, platelets, spheres, etc.) and orientations (aligned, two- and
three-dimensionally random), the results presented here will focus for simplicity on the
longitudinal and transverse properties of nanocomposites with aligned nanofibers. From
Table 2.2, the ratio of the Young’s modulus of the VGCNFs to that of the vinyl ester
resin was EF / Em = 76.1 [ 1 - ( Ri / Ro ) 2 ]. In all calculations, the effective moduli for the
composite were normalized by the matrix modulus, Em. In addition, the calculations were
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based upon 0.63% VGCNFs by volume (~1.0 wt%), which is consistent with ongoing
experimental studies [Lee 2010, Nouranian et al. 2010].

Table 2.2.

Ri / Ro

EF 1
(GPa)

Hollow nanofiber elastic moduli (assumes fixed axial force-displacement
relationship).
0.0
240
[Tibbetts et al.
2007]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

296

375

490

667

960

1500

2667

1

EF = EFS / [ 1 - ( Ri / Ro ) 2 ](Eq. 2.1)

2.5.1. Effect of nanofiber aspect ratio
Ensuring a uniform distribution of nanofibers is a key challenge in producing
nanoreinforced resins. Nanofibers are often aggressively mixed in the Part A resin using
some combination of ultrasonication and/or high shear mixing [Lee 2010,
Nouranian et al. 2010]. One concern is that the nanofibers may be chopped or broken
during mixing, with processed nominal fiber aspect ratios falling below those of the asmanufactured VGCNFs, resulting in reduced effective composite properties. For the
given material system, Figure 2.8 shows a plot of the effective longitudinal modulus, EL,
as a function of fiber aspect ratio (L/D) based upon both the MTM and SCM for a
nanocomposite with solid aligned VGCNFs (Ri / Ro = 0, EF / Em = 76.1). In both
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solutions, the effective modulus increased with increasing fiber aspect ratio and
asymptotically approached the continuous fiber solution (L/D = ∞) for aspect ratios
L/D > ~90. This suggests that aggressive mixing, aimed at minimizing nanofiber
agglomerations and obtaining uniform distribution of nanofibers within the resin, may be
beneficial provided the nominal aspect ratio of the processed fibers does not become too
small.

Figure 2.8.

Effect of VGCNF aspect ratio on effective longitudinal modulus for
nanocomposites with solid (Ri / Ro = 0) aligned nanofibers (0.63 v%
VGCNF).

2.5.2. Effect of nanofiber-matrix interphase
As mentioned previously, the development of a nanofiber-matrix interphase can
have a profound effect on effective composite properties. The average thickness, t, and
elastic modulus, Ei, of the interphase are strongly influenced by nanofiber surface
32

chemistry, use of thermoplastics or thermosets, resin properties, and curing protocol for
thermosets. A parametric study was performed to assess the effect of interphase modulus
and thickness on nanocomposite bulk properties. In the following discussion, the average
interphase thickness, t, has been normalized by the nominal VGCNF outer radius,
R = Ro = 75 nm. For example, an interphase thickness ratio, t/R = 0.4, would correspond
to an interphase thickness of 30 nm. Note that such an interphase thickness is small in
comparison to the typical sizing thickness used on traditional E-glass or carbon fibers and
much smaller than many interphase regions previously observed with
thermoplastic/carbon fiber composites that can exceed 10 μm [Clark et al. 1999]. The
volume fraction of the interphase between nanofiber and matrix, however, is significant
in comparison to the volume fraction of VGCNFs due to the relatively high nanofiber
surface area-to-volume ratio. In this study, the interphase modulus, Ei, is expressed as a
fraction of the matrix modulus (i.e., Ei/Em). Figure 2.9 shows a plot of the effective
longitudinal modulus, EL, as a function of interphase thickness for straight solid fibers
(Ri / Ro = 0, L/D = 100) based upon both the MTM and SCM. The interphase modulus
was assumed to be ten times higher than that of the matrix (Ei/Em = 10). As the average
thickness (and volume fraction) of the interphase is increased, there is a significant
increase in the predicted effective composite modulus. This underscores the importance
of the contribution of the interphase to overall composite properties.
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Figure 2.9.

Effect of interphase thickness on effective longitudinal modulus
(L/D = 100, Ei/Em = 10) for nanocomposites with solid (Ri / Ro = 0)
aligned nanofibers (0.63 v% VGCNF).

Similarly, Figure 2.10a shows a plot of the effective longitudinal modulus, EL, as
a function of average interphase thickness for straight solid fibers (Ri / Ro = 0, L/D = 100)
based upon the MTM where the interphase properties were varied over the range
0.5 ≤ Ei/Em ≤ 20 in order to encompass both relatively compliant and stiff interphases.
With the exception of Ei/Em = 0.5 (i.e., a relatively compliant interphase), the predicted
effective composite modulus increased as the interphase layer thickness increased.
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a)

b)
Figure 2.10.

Effect of interphase thickness on effective longitudinal modulus for
nanocomposites containing a) solid straight nanofibers (Ri / Ro = 0,
L/D = 100, EFS = 240 GPa) and b) hollow straight nanofibers
(Ri / Ro = 0.3, L/D = 100, EF = 490 GPa) (0.63 v% VGCNF for both a)
and b)).
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2.5.3. Effect of nanofiber cross-section geometry
Similar calculations were performed for the case of composites containing straight
hollow nanofibers, where the ratio of the inner nanofiber radius to outer radius was held
fixed (Ri / Ro = 0.3), the nanofiber elastic modulus was calculated using Eq. 2.1
(EF / Em = 155) and the volume fraction of the hollow nanofiber “core” was assigned
essentially null material properties. Figure 2.10b shows a plot of the effective
longitudinal modulus, EL, as a function of average interphase thickness for straight
hollow nanofibers (Ri / Ro = 0.3, L/D = 100) based upon the MTM. Again, the effective
composite modulus increased with increasing average interphase thickness for cases
where the interphase modulus exceeded the matrix modulus (Ei / Em > 1). A comparison
of Figures 2.10a and 2.10b suggests that for the same volume fraction of solid carbon
(0.63 v%), composites comprised of hollow nanofibers had a higher effective modulus
due to the relatively larger fiber modulus (Eq. 2.1). To illustrate this point, Figure 2.11
contains a plot of the effective longitudinal modulus, EL, and effective transverse
modulus, ET, for nanocomposites containing straight hollow nanofibers (L/D = 100),
where the ratio of the inner nanofiber radius to outer radius was varied such that
0 ≤ Ri / Ro ≤ 0.9 and the nanofiber modulus was calculated using Eq. 2.1. For the same
volume fraction of solid carbon in the nanocomposite (0.63 v%), a decrease in the
nanofiber wall thickness resulted in a significant increase in the effective longitudinal
modulus. As can be seen from the figure, the calculated effective longitudinal moduli
over the range of observed nanofiber wall thicknesses from [Yu et al. 2011b] are
significantly greater than the modulus for a nanocomposite with solid nanofibers
(Ri / Ro = 0). This underscores the importance of using realistic VGCNF geometry data
36

when calculating effective properties. Not surprisingly, a decrease in the nanofiber wall
thickness resulted in a slight decrease in the effective transverse modulus, ET. As an
aside, for a given nanofiber diameter and fixed volume fraction of solid carbon, the
number density of hollow fibers must exceed that for solid fibers. This may also
contribute to the relatively higher longitudinal stiffness values associated with the use of
hollow nanofibers.
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a)

b)
Figure 2.11.

Effect of nanofiber cross-section on a) the effective longitudinal modulus
(EL) and b) the effective transverse modulus (ET) for nanocomposites
containing straight nanofiber (L/D = 100, 0.63 v% VGCNF).
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Figures 2.12a and 2.12b show plots of the effective transverse modulus, ET, as a
function of average interphase thickness for nanocomposites containing straight solid
(Ri / Ro = 0) and hollow (Ri /Ro = 0.3) nanofibers, respectively (L/D = 100), where the
interphase properties were varied over the range 0.5 ≤ Ei/Em ≤ 20. Similar to the results
shown in Figure 2.10, the predicted effective transverse modulus increased somewhat
with increasing interphase modulus and thickness; this trend was slightly more
pronounced for nanocomposites containing hollow nanofibers (Figure 2.12b).
Conversely, for nanocomposites with a relatively compliant interphase (Ei/Em = 0.5), the
predicted effective transverse modulus decreased with increasing interphase thickness.
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a)

b)
Figure 2.12.

Effect of interphase thickness on effective transverse modulus for
nanocomposites containing a) solid straight nanofibers (Ri / Ro = 0,
L/D = 100, EFS = 240 GPa) and b) hollow straight nanofibers
(Ri / Ro = 0.3, L/D = 100, EF = 490 GPa) (0.63 v% VGCNF for both a)
and b)).
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2.5.4. Effect of nanofiber waviness
A comparison of Figures 2.9 and 2.10 suggests that the use of very small amounts
of VGCNFs (0.63 v%) results in over a 70% improvement in the predicted effective
longitudinal modulus of the nanoreinforced resin for the case where no interphase exists
(t / R = t / Ro = 0). Improvements in experimentally measured moduli, however, typically
are less profound [Fisher 2002]. The discrepancy between measured and predicted results
may be attributed to nanofiber waviness, poor nanofiber dispersion, poor fiber to matrix
adhesion, and/or the presence of nanofiber agglomerates in the actual composite
specimens. Using the approach developed by Fisher and colleagues (see Eq. 2.13)
[Fisher 2002, Fisher et al. 2003a, Fisher et al. 2003b], effective modulus calculations
were performed for composites containing solid (Ri / Ro = 0) and hollow (Ri / Ro = 0.3)
nanofibers with varying degrees of fiber waviness and 0.63 v% of solid carbon. Two
different fiber aspect ratios were considered (L/D = 10, 50). Figure 2.13a contains a plot
of the effective nanocomposite longitudinal modulus, EL, as a function of nanofiber
waviness ratio (h/λ). Note that for a given nanofiber aspect ratio, the use of straight
hollow fibers (h/λ = 0) led to substantially higher modulus values than for straight solid
fibers (h / λ = 0, Ri / Ro = 0) with the same volume fraction of solid carbon (0.63 v%) due
to the proportionally higher fiber modulus (Eq. 2.1). For example, at this same carbon
volume fraction and L/D = 50, straight hollow (Ri / Ro = 0.3) fibers induced a 41% greater
effective normalized modulus than solid fibers. Interestingly, the predicted modulus for
composites with a fixed amount of short straight hollow fibers (L/D = 10, Ri / Ro = 0.3)
was roughly the same as that for a composite comprised of the same weight fraction of
longer straight solid fibers (L/D = 50, Ri / Ro = 0). As the fiber waviness ratio increased to
41

a modest level (h / λ = 0.1), the predicted modulus for all four cases decreased
substantially. For higher degrees of fiber waviness (h / λ > 0.3), the nanofibers ceased to
make a significant contribution to the effective longitudinal modulus and the bulk
composite properties are more consistent with those of the unmodified matrix; the
variation in the effective modulus due to changes in VGCNF aspect ratio and crosssection decreased with increasing nanofiber waviness. Figure 2.13b contains a similar
plot for nanocomposites containing either solid or hollow VGCNFs were a nanofibermatrix interphase is present (t / R = t / Ro = 0.3, Ei / Em = 10). Again, an increase in fiber
waviness sharply decreases the effective modulus. Consistent with the results shown in
Figures 2.9 and 2.10, the presence of a relatively stiff interphase layer resulted in an
increase in bulk composite properties. Lastly, Figure 2.13 includes the experimentally
determined mean fiber waviness ratio, (h / λ)EXP = 0.05, obtained from TEM imaging of
45-85 nm thick VGCNF/vinyl ester specimens by Yu et al. (2011b). Given the two
dimensional nature of the images and the fact that the sections contained portions of
actual nanofibers, the reported value likely represents a lower bound on expected h / λ
values. The actual mean fiber waviness ratio may be somewhat greater than h / λ = 0.05,
resulting in a significant decrease in effective modulus in comparison with the straight
nanofiber case.
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a)

b)
Figure 2.13.

Effect of fiber waviness on effective longitudinal modulus for
nanocomposite containing aligned a) solid (Ri / Ro = 0, EFS = 240 GPa)
and hollow (Ri / Ro = 0.3, EF = 490 GPa) nanofibers with no interphase
and b) solid (Ri / Ro = 0, EFS = 240 GPa) and hollow (Ri / Ro = 0.3, EF =
490 GPa) nanofibers with interphase (t/R = 0.3, Ei/Em =10), (0.63 v%
VGCNF for both a) and b)).
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2.6. Conclusions
A parametric study was performed investigating the effect of vapor grown carbon
nanofiber morphology (i.e., hollow versus solid cross-section), nanofiber-resin interphase
properties and dimensions, and nanofiber waviness on bulk nanocomposite elastic
properties. Mori-Tanaka and self-consistent models were developed for composites
containing multilayered coated heterogeneities and applied in the study of
nanocomposites. For a given nanofiber axial force-displacement relationship, the elastic
modulus for hollow nanofiber can significantly exceed that for solid nanofibers resulting
in notable differences in bulk nanocomposite properties. In addition, the development of
a nanofiber-resin interphase can have a profound effect on bulk elastic moduli. Consistent
with results from the literature, small degrees of nanofiber waviness can result in a
significant decrease in effective composite properties.

2.7. Future work
In the future, this work will be extended to include solid and hollow
nanoreinforcements with arbitrary shapes (fibers, spheres, platelets, etc.) and orientations.
Different types of heterogeneities will be combined in a single micromechanical model in
order to investigate the effect of combining distinct nanoreinforcements (carbon
nanofibers, nanoclay platelets, etc.) on bulk composite properties, as well as to assess the
influence of impurities or other entities (carbon clusters, nanofiber agglomerations, etc.)
on effective properties. As part of a parallel study, molecular dynamics simulations are
being performed with the goal of characterizing the chemistry, structure-property
relations, and geometry of the interphase region arising between nanoreinforcements and
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matrix [Nouranian et al. 2011]. Such information can feed directly into micromechanical
models similar to those presented here, with the aim of extending these approaches to
account for the effect of imperfect or weakened nanofiber-matrix interfaces (cf., Qu
1993). Computational micromechanics models are being developed, within an integrated
multiscale modeling approach involving the NASA special purpose composite failure
analysis code MAC/GMC [Arnold 1999, Aboudi 1989, Aboudi 1996, Paley 1992]
coupled with traditional finite element solvers, in order to assess the mechanical
properties, progressive failure, and strength of nanoreinforced materials. The long range
goal of this effort is to facilitate engineered multiscale materials design by providing
insight into relationships between nanomaterial fabrication/processing, chemical and
physical characteristics, and interaction and evolution of structure across disparate spatial
scales that lead to improved macroscale performance.
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CHAPTER 3
DETERMINATION OF CARBON NANOFIBER MORPHOLOGY IN VINYL ESTER
NANOCOMPOSITES

3.1. Abstract
Key aspects of nanofiber morphology in vapor grown carbon nanofiber/vinyl ester
nanocomposites were characterized using transmission electron microscopy (TEM)
images. Three-parameter Weibull probability density functions were generated to
describe the statistical variation in nanofiber outer diameters, wall thicknesses, relative
wall thicknesses, visible aspect ratios, and visible waviness ratios. Based upon a linear
regression of experimental data, the relative nanofiber wall thicknesses were reasonably
constant over a range of nanofiber radii. Such information could be used to establish
more realistic nanofiber moduli and strengths obtained from nanofiber tensile tests, as
well as to develop physically motivated computational models for predicting
nanocomposite behavior. While the nanofiber aspect ratios and fiber waviness
measurements were restricted to the visible portions of nanofibers lying in the plane of
the TEM images, such data can be used to predict bounds on the effective nanocomposite
elastic properties. This study represents one of the first attempts to characterize the
distribution of VGCNF features in real thermoset nanocomposites.
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3.2. Introduction
Polymer-based nanocomposites have been synthesized in an attempt to improve
bulk composite mechanical, electrical, thermal, and environmental properties
[Gorga and Cohen 2004, Luo and Daniel 2003, Zhou et al. 2007, Tibbetts et al. 2007].
Significant effective material property enhancements can result from the use of low
volume fractions of nanoreinforcements due to their relatively high surface-area-tovolume ratio [Al-Saleh and Sundararaj 2009, Sun et al. 2009, Eitan et al. 2006,
Kang et al. 2006, Li et al. 2007, Yan et al. 2010, Zheng et al. 2009,
Chatterjee and Islam 2008, Matrin et al. 2007]. Nanomaterial properties depend on a
number of factors including nanoreinforcement shape, aspect ratio, volume fraction,
orientation, and dispersion, as well as matrix characteristics [Tibbettes et al. 2007,
Yu et al. 2011, Nouranian et al. 2010]. In situ determination of the characteristic
nanoreinforcement geometric features and properties, however, is problematic because of
variability in morphology and measurement difficulties due to small nanoreinforcement
dimensions. Such information is crucial for the development of multiscale models for
predicting polymer nanocomposite material behavior.
In this study, key aspects of the morphology of vapor grown carbon nanofibers
(VGCNFs) contained within VGCNF/vinyl ester (VE) nanocomposites are characterized
using transmission electron microscopy (TEM) images. The statistical distribution of
nanofiber diameters, wall thicknesses, aspect ratios, and degree of fiber waviness are
characterized using three-parameter Weibull distributions. The effect of variations in
nanofiber morphology on effective nanocomposite properties is specifically addressed.
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3.2.1. Vapor grown carbon nanofiber morphology
As-manufactured VGCNFs typically display either a hollow or bamboo-like
cylindrical architecture (Figure 3.1), with outer diameters and aspect ratios in the ranges
60-200 nm and 50-2000+, respectively [Ozkan et al. 2010]. The wall thickness and
degree of VGCNF waviness can also vary substantially from fiber to fiber [Tibbetts et al.
2007, Endo et al. 2002, Lawrence et al. 2008, Kiselev et al. 1998, Terrones et al. 2001].
The range of typical nanofiber wall thicknesses is difficult to determine because of the
small nanofiber dimensions. Moreover, the actual nanofiber aspect ratios in cured
composites can be somewhat lower than the as-manufactured values due to nanofiber
breakage during fabrication. Aggressive high-shear mixing or ultrasonication of
VGCNFs in the liquid resin is often required to ensure good nanofiber dispersion and to
minimize the formation of nanofiber agglomerates [Nouranian et al. 2010]. The effect of
mixing on the degree of nanofiber waviness in cured composites is less clear.
Figure 3.2 contains a scanning electron microscopy (SEM) image of a wavy nanofiber on
a fracture surface of a VGCNF/VE nanocomposite.
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a)

b)

Figure 3.1.

TEM images of VGCNFs displaying a) hollow cylindrical and b) bamboo
architectures.

Figure 3.2.

SEM image of a wavy nanofiber in a VCGNF/VE nanocomposite.
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The layered graphitic composition of VGCNFs may vary radially throughout the
wall thickness [Tibbetts et al. 2007, Ozkan et al. 2010]. VGCNFs are commonly grown
from iron nanoparticles using a chemical vapor deposition (CVD) process that leads to
the formation of conically stacked aligned graphene sheets surrounding the hollow
nanofiber core. Depending on nanofiber fabrication conditions, the “stacked-cup”
graphene layers may be surrounded by layers of turbostratic carbon. Figure 3.3 contains
high resolution TEM images of VGCNFs from the literature [Ozkan et al. 2010,
Lawrence et al. 2008] that clearly illustrate such layered architectures. Lawrence et al.
(2008) showed that a larger nanofiber axial elastic modulus can be achieved when the
outer turbostratic layer is thicker than the underlying graphene layer.

a)
Figure 3.3.

b)
High resolution TEM images of VGCNFs displaying a) stacked-cup (from
Ozkan et al. 2010) and b) multi-layered (from Endo et al. 2002)
architectures.
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3.2.2. Effect of nanofiber morphology on nanocomposite properties
The morphology of nanofibers can have a significant effect on bulk
nanocomposite properties. It is well accepted that notable improvements in composite
strength and moduli are associated with increased fiber aspect ratios, provided the fibers
are aligned in the loading direction [Lim 2003].
Accurate determination of typical nanofiber cross-section dimensions and
morphologies is also crucial for quantifying the elastic properties and strengths of real
VGCNFs and their composites. For example, several novel experimental approaches
have been used to determine VGCNF moduli and strengths, as well as to measure
nanofiber-matrix interphase properties [Manoharan et al. 2009, Ozkan et al. 2010].
Manoharan et al. (2009) performed single nanofiber pullout tests using in situ SEM with
a tungsten probe tip to measure VGCNF/epoxy interphase properties. Ozkan et al. (2010)
performed microelectromechanical systems-based (MEMS) tensile tests of PR-24-XT
series VGCNFs. Tensile force (F) versus displacement (Δ) data were used to determine
the statistical distributions of nanofiber tensile moduli (nominal value 240 GPa) and
strengths (nominal value 2.35 GPa), over a range of typical nanofiber diameters. In
developing the nanofiber stress-strain responses [Ozkan et al. 2010], the authors assumed
the VGCNFs had solid cross-sections due to difficulties in measuring the hollow VGCNF
wall thicknesses. Yu et al. (2011) noted that for a given force-displacement response and
fixed nanofiber outer radius (Ro), the stress in a hollow nanofiber (σH) will exceed that of
a solid nanofiber (σS) due the varying ratios of turbostratic to graphene content in the
hollow nanofiber’s cross-section (Figure 3.4). Accordingly, the elastic modulus (EF) of
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the solid carbon in a hollow nanofiber with inner radius, Ri, will exceed that of the solid
nanofiber (EFS) as given in equation 3.1. [Yu et al. 2011]

EF 

E FS
1  ( Ri / Ro ) 2

(3.1)

Hence, the solid nanofiber assumption may result in an underestimation of the true
carbon stiffness and strength. This underscores the importance of accounting for the
actual cross-section dimensions of real VGCNFs when determining nanofiber properties.
In addition, the relative wall thickness of the turbostratic carbon and graphene layers in a
typical nanofiber also affects VGCNF properties [Lawrence et al. 2008].
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a)

b)
Figure 3.4.

a) Nanofiber subjected to a fixed value of tensile force, and b) axial stressstrain response for solid and hollow fibers [Yu et al. 2011].

The degree of waviness of VGCNFs can also have a profound effect on the
effective composite elastic properties even if they are uniformly dispersed [Yu et al.
2011, Fisher 2002, Fisher et al. 2003a, Fisher et al. 2003b]. In general, the bulk elastic
properties of composites containing straight fibers will exceed those of otherwise
identical composites containing fibers with varying degrees of fiber waviness. Even
small amounts of overall fiber waviness can result in a significant decrease in the
composite elastic moduli. This is particularly a concern for VGCNFs or other fibers that
exhibit a large degree of waviness in their as-manufactured state (Figure 3.3). Using an
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approach developed by Hsiao and Daniel (1996) and Fisher and colleagues [Fisher 2002,
Fisher et al. 2003a, Fisher et al. 2003b], the geometry of a wavy fiber may be
approximated used a simple cosine function. For such a fiber aligned in the x-direction,
the y-coordinates of points lying on the centerline of the fiber may be expressed as using
equation 3.2,
y  h  cos(2 x /  )

(3.2)

where h and λ are the amplitude (height) and wavelength of the wavy fiber, respectively,
and h/λ defines the fiber waviness ratio (Figure 3.5a). If the overall degree of fiber
waviness is known, then its effect on bulk composite properties can be estimated using a
variety of micromechanical modeling techniques [Yu et al. 2011, Fisher 2002,
Fisher et al. 2003b]. The challenge is to accurately measure the nominal nanofiber
waviness ratios in real nanocomposites. For example, Figure 3.5b contains the amplitude
and wavelength of the visible portion of nanofiber in a VGCNF/VE nanocomposite based
upon TEM imaging. The motivation in this work is to use TEM images to characterize
the statistical distribution of nanofiber diameters, wall thicknesses, aspect ratios, and fiber
waviness ratios in VGCNF/VE nanocomposites.
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a)

b)

Figure 3.5.

a) Idealized segment of a wavy fiber (h/λ = fiber waviness ratio) and b)
TEM image of a wavy nanofiber.
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3.3. TEM imaging of VGCNF/vinyl ester nanocomposites
In this study, measurements obtained from TEM images were used to establish
the statistical distribution of nanofiber diameters, wall thicknesses, aspect ratios, and
waviness ratios in VGCNF/VE nanocomposites. All of the samples used in the TEM
imaging were sectioned from the undamaged end portions of flexural specimens
following tests performed by Lee (2010). Using the fabrication methodology outlined by
Nouranian et al. (2010), flexural specimens were prepared containing 0.16, 0.32, 0.48,
and 0.64v% of PR-24-XT-LHT-OX VGCNFs [Applied Sciences Inc. 2010] in a
Derakane 441-400 VE resin [Ashland Chemical Co. 2010]. Prior to curing, the nanofibers
were dispersed in the liquid resin using a combination of ultrasonication and high-shear
mixing [Nouranian et al. 2010]. Hence, the nominal nanofiber aspect ratio in the cured
nanocomposite may be less than the as-received value due to nanofiber breakage.
Three flexural specimens for each composition (i.e., a total of twelve specimens)
were sliced using ultramicrotome sectioning [Reichert Jung Ultramicrotome] prior to
TEM imaging. Over 150 thin TEM sectioned samples were prepared from distinct
regions of the flexural specimens. Each sample was roughly 75-100 nm thick based upon
light spectroscopy measurements. Over 100 TEM film images were obtained from the
total samples using a JEOL JEM 100CX II microscope operating at 100 KeV
[JEOL JEM -100CX II]. The outer diameter (Do = 2∙Ro), inner diameter (Di = 2∙Ri),
length (Lv), and waviness ratio (hv /λv) for clearly visible nanofibers were carefully
measured from the film images using a digital Vernier caliper.
Nominal nanofiber cross-section dimensions for a given nanofiber were based
upon three separate measurements along the visible length of fiber contained in the plane
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of the TEM image. For example, Figure 3.6 shows representative locations for three
separate measurements necessary to specify the nominal outer diameter (Do) for an
individual nanofiber. A similar strategy was employed when determining the inner
nanofiber diameter (Di). The nanofiber wall thickness for a given VGCNF was
determined from the difference in measured diameters, i.e., t = (Do - Di)/2 = Ro - Ri. The
relative wall thickness (Ro /t) was also calculated for each nanofiber. For VGCNFs
displaying a smooth bamboo-like structure, the nominal nanofiber diameters were
measured at the center of hollow segments. Measurements were not taken from TEM
images of highly segmented or irregular nanofibers. The nominal outer and inner
diameters for 308 individual fibers were each determined using a total of 924
measurements. Measurements of the relative thickness of graphene and turbostratic
carbon layers in a given nanofiber cross-section were not possible in this study due to
resolution limits on the JEOL CX 100.
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Figure 3.6.

TEM image indicating representative locations for VGCNF outer diameter
measurements, Do.

The wavelength (λv) and amplitude (hv) for the visible portion of 43 individual
nanofibers were measured from 40 TEM film images (Figure 3.5b). These data were
used to determine the visible length (Lv), visible aspect ratio (Lv /Do), and visible
waviness ratio (hv /λv) for each nanofiber. Note that for a straight nanofiber, hv ≡ 0. As
mentioned previously, typical as-received nanofiber lengths can exceed several microns.
The observed nanofiber lengths based upon TEM imaging, however, were much less than
these values due to the fact that the relatively thin sectioned samples only contained
portions of actual nanofibers. A significant fraction of a given nanofiber may lie outside
of the plane of the ultramicrotome section as shown schematically in Figure 3.7. Given
the two dimensional nature of the TEM images, the measured visible nanofiber lengths
(Lv) and waviness ratios (hv /λv) reported in this study likely represent lower bounds on
the expected nanocomposite values.
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a)

b)

c)
Figure 3.7.

Fraction of a nanofiber contained in a typical TEM sectioned sample: a)
isometric view, b) edge view, and c) plan view.
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3.4. Statistical characterization of nanofiber morphology
The statistical distribution of experimentally determined nanofiber outer
diameters (Do), wall thicknesses (t), relative wall thicknesses (Ro /t), visible aspect ratios
(Lv /Do), and visible waviness ratios (hv /λv) were each characterized using a threeparameter Weibull probability density function (PDF) [Hallinan 1993]. In general, a
three-parameter Weibull PDF may be expressed as

 x    1  (
f ( x)  (
) e
 

x 



)

(3.3)

where α, β, and γ are the shape, scale, and location parameters, respectively. The Weibull
PDF gives the probability that the variate takes the value x. Table 3.1 contains the
calculated shape, scale, and location parameters associated with the PDFs describing the
distribution of nanofiber geometric features. Table 3.2 contains a summary of the mean,
median, standard deviation, kurtosis, skewness, minimum, and maximum values
associated with each PDF.
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Table 3.1. Weibull function parameters.
Weibull Parameters
Shape
Scale Location
(α)
(β)
(γ)
Outer Diameter
(Do)
Wall Thickness (t)
Relative Wall
Thickness (Ro/t)
Visible Aspect
Ratio (Lv/Do)
Visible Waviness
Ratio (hv/λv)

2.2

73.0

56.3

2.3

24.2

10.0

2.6

0.9

1.2

2.5

25.584

8.155

1.2

0.055

0.002

Table 3.2. Statistical data associated with PDFs for VGCNF outer diameter (Do), wall
thickness (t), relative wall thickness (Ro/t), the visible aspect ratio (Lv/Do),
and visible waviness ratio (hv/λv).
Outer
Diameter
(Do)

Wall
Thickness
(t)

Relative
Wall
Thickness
(Ro/t)

Visible
Aspect
Ratio
(Lv/Do)

Visible
Waviness
Ratio (hv/λv)

121.0 nm

30.2 nm

2.08

30.9

0.054

118.1 nm

28.5 nm

1.98

30.4

0.038

Standard
Deviation

34.2 nm

10.8 nm

0.43

12.6

0.052

Kurtosis
Skewness
Minimum

0.56
0.72
58.6 nm

1.42
0.91
9.3 nm

2.26
1.39
1.38

-0.87
0.3
10.3

1.55
1.38
0.002

Maximum

246.3 nm

79.9 nm

3.81

55.4

0.212

Mean
Value
Median
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3.4.1. Statistical distribution of VGCNF cross-section dimensions
Three-parameter Weibull PDFs were used to represent the statistical distribution
of key nanofiber cross-section dimensions. For example, the Weibull PDF and
corresponding histogram of experimentally measured nanofiber outer diameters (Do) are
shown in Figure 3.8a. The measured nanofiber outer diameters fell in the range
58.6 ≤ Do ≤ 246.3 nm. Based upon the Weibull PDF, the mean value and standard
deviation corresponded to Do = 121.0 ± 34.2 nm. Note that the PDF is skewed slightly to
the right, indicating a tendency for slightly larger nanofiber diameters. The distribution of
diameters was consistent with the range of values (60 - 150 nm) for as-manufactured
nanofibers reported by the manufacturer [Applied Sciences Inc.]. Similarly, Figure 3.8b
contains the Weibull PDF and associated histogram of observed nanofiber wall
thicknesses (t). The wall thicknesses fell in the range 9.3 ≤ t ≤ 79.9 nm with the
calculated mean value and standard deviation, t = 30.2±10.8 nm. Similar to the preceding
results for nanofiber diameters (Figure 3.8a), the wall thicknesses are reasonably well
distributed about the mean value, with a slight tendency (skew) towards increased
thickness values.
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a)

b)
Figure 3.8.

Weibull PDF and histogram of measured VGCNF a) outer diameters (Do)
and b) wall thicknesses (t).
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The final VGCNF outer diameters and wall thicknesses both depend on the size
distribution of iron nanoparticles used in the CVD process, as well as characteristic times
associated with graphene and turbostratic carbon layer formation. In order to understand
the relationship between nanofiber radius and wall thickness, the statistical distribution of
relative wall thicknesses (Ro/t) was determined from the measured nanofiber crosssection data. Figure 3.9a contains the Weibull PDF and corresponding histogram of
experimentally determined nanofiber Ro/t values. The relative wall thicknesses fell in the
range 1.38 ≤ Ro/t ≤ 3.81, with a mean value and standard deviation of Ro/t = 2.08 ± 0.43.
Note that the distribution of relative wall thicknesses is somewhat more skewed towards
larger values. Figure 3.9b contains a plot of the relative wall thickness as a function of
nanofiber outer radius for all 308 sets of VGCNF cross-section measurements. The
dashed horizontal line included in the figure corresponds to the mean value, Ro/t = 2.08.
The solid line included in the figure was obtained from a linear regression of the
empirical data. Interestingly, the relative wall thickness does not change appreciably
with increasing nanofiber radius (i.e., larger nanofibers have roughly the same relative
wall thickness as do smaller ones). Since wall thickness data similar to that presented in
Figure 3.8b are very difficult to generate, it may be reasonable to assume a nominal
value, Ro/t ≈ 2.08, for PR-24-XT series nanofibers. Such information could be used to
establish more realistic nanofiber moduli and strengths obtained from nanofiber tensile
tests.
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a)

b)
Figure 3.9.

a) Weibull PDF and histogram of measured VGCNF relative wall
thicknesses (Ro /t), and b) relative wall thickness (Ro /t) as a function of
outer radius (Ro).
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All of the nanofibers considered in this study displayed either hollow cylinder or
bamboo architectures; not a single solid fiber was observed. This suggests that nanofiber
moduli and strengths derived from force-displacement data should account for realistic
nanofiber cross-section areas. Figure 3.10a contains a plot of the elastic modulus of solid
carbon in a hollow nanofiber, EF, as a function of the ratio, Ri / Ro obtained using
equation. 2.1 (this assumes a fixed nanofiber force-displacement relationship). In this
figure, the modulus has been normalized by that of a solid nanofiber, EFS. Included in
Figure 3.10a is the range of experimentally observed nanofiber wall thicknesses,
(Ri / Ro)EXP, determined in this study. For reference purposes, the ratio Ri / Ro = 0.524
corresponds to the mean relative wall thickness Ro /t = 2.08. Clearly, accurate
determination of typical nanofiber cross-section dimensions and morphology are crucial
for quantifying the elastic properties and strengths of VGNCFs; this issue is also
addressed in [Yu et al. 2011].
Variations in nanofiber morphologies and properties can also have a significant
effect on homogenized composite properties. Yu et al. (2011) developed a mean-field
micromechanical approach for predicting effective elastic properties for composites
containing hollow fibers surrounded by an elastic interphase, based upon the MoriTanaka [Mori and Tanaka 1973, Benveniste 1987] and coated inclusion
[Nemat-Nasser and Hori 1993] models. The model could also account for the effect of
fiber waviness on the calculated effective properties using the method developed by
Hsiao and Daniel (1996), and Fisher and colleagues [Fisher 2002, Fisher et al. 2003a,
Fisher et al. 2003b]. Using this approach, Figure 3.10b contains a plot of the effective
longitudinal modulus, EL, as a function of fiber aspect ratio (L/D) for VGCNF/VE
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nanocomposites with 0.63v% solid aligned nanofibers. In performing the calculations,
the elastic moduli for the solid nanofibers (EFS = 240 GPa) from [Ozkan et al. 2010] and
VE matrix (Em = 3.155 GPa) from [Lee 2010] were used. In the figure, the effective
modulus for the composite was normalized by the matrix modulus. The figure also
contains a plot of the effective longitudinal modulus for a nanocomposite containing
0.63v% hollow aligned nanofibers, where the mean relative wall thickness
(Ro/t = 2.08 ± 0.43) from this study was assumed and the hollow fiber modulus, EF, was
calculated using equation. 3.1. For composites containing either solid or hollow
VGCNFs, the effective modulus increased with increasing nanofiber aspect ratio and
asymptotically approached the continuous fiber solution (L/D = ∞) for aspect ratios
L/D > ~90. For the same volume fraction of solid carbon (0.63 v%), composites
comprised of hollow nanofibers had a higher effective modulus due to the relatively
larger fiber modulus (equation. 3.1). As an aside, for a given nanofiber diameter and
fixed volume fraction of solid carbon, the number density of hollow fibers must exceed
that for solid fibers. This may also contribute to the relatively higher longitudinal
stiffness values associated with the use of hollow nanofibers. This underscores the
importance of using realistic VGCNF geometry data when calculating effective
properties. These issues are addressed in detail in [Yu et al. 2011].

71

a)

b)
Figure 3.10.

a) Nanofiber elastic modulus as a function of nanofiber wall thickness
(assumes a fixed nanofiber force-displacement relationship), and b)
effective composite modulus as a function of nanofiber aspect ratio (L/Do).
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3.4.2. Statistical distribution of VGCNF visible aspect ratios and waviness ratios
Three-parameter Weibull PDFs were also used to represent the statistical
distributions of VGCNF visible aspect ratios (Lv/Do) and visible waviness ratios (hv/λv)
based upon 43 sets of measurements from TEM images. Figures 3.11a and 3.11b contain
the Weibull PDFs and corresponding histograms of observed nanofiber visible aspect
ratios (Lv/Do) and visible waviness ratios (hv/λv), respectively. The visible aspect ratios
fell in the range 10.3 ≤ Lv/Do ≤ 55.4 with a mean value and standard deviation of
Lv/Do = 30.9 ± 12.6. The PDF is skewed slightly to the right, indicating a tendency for
slightly larger nanofiber visible aspect ratios. The reported values, however, are
substantially below typical aspect ratios reported for as-received VGCNFs [Ozkan et al.
2010, Applied Sciences Inc. 2010]. The artificially low visible aspect ratios are
undoubtedly a consequence of the two dimensional nature of the TEM images, as well as
the low probability of encountering large sections of individual fibers in a given
ultramicrotome section (Figure 3.7). The mean value, Lv/Do = 30.9, likely represents a
lower bound on expected aspect ratio values. Such information can be used to establish
lower bounds on estimated material properties. For the VGCNF/VE nanocomposites
with 0.63v% aligned hollow nanofibers discussed earlier, a nanofiber aspect ratio,
L/Do = 30.9, would lead to an effective longitudinal modulus that is roughly 82% of the
continuous fiber solution (cf., Figure 3.10b).
The observed VGCNF visible waviness ratios may also be used to establish a
lower bound on the expected nanofiber waviness ratio. The visible waviness ratios fell in
the range 0.002 ≤ hv/λv ≤ 0.212 with a mean value and standard deviation of
hv/λv = 0.054 ± 0.052. Note the standard deviation is roughly as large as the mean value,
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signifying a large degree of variability in the observed data. In addition, the PDF is
highly skewed toward larger hv/λv values. Again, since the TEM images only contain
portions of actual fibers, the nominal nanocomposite fiber waviness ratio may be
somewhat greater than the mean visible value (hv/λv = 0.054) reported here.
The effective nanocomposite properties strongly depend on both the actual
VGCNF aspect ratios and the degree of nanofiber waviness. In order to understand the
relationship between nanofiber aspect ratios and waviness, Figure 3.11c contains a plot of
the visible waviness ratio (hv/λv) as a function of visible aspect ratio (Lv/Do) for all 43 sets
of wavy VGCNF measurements. The dashed horizontal line included in the figure
corresponds to the mean value, hv/λv = 0.054. The solid line included in the figure was
obtained from a linear regression of the empirical data. Surprisingly, the visible waviness
ratio does not change appreciably with increasing visible aspect ratio (i.e., the amount of
nanofiber waviness does not increase with increasing nanofiber aspect ratios). This
seemingly non-intuitive result may be a consequence of the relatively few TEM images
containing high aspect ratio VGCNFs. Although suitable TEM images of
over 300 nanofibers were available to describe the distribution of nanofiber cross-section
dimensions, only 43 of the fibers were of sufficient length to characterize the visible
aspect and waviness ratio distributions. While increased numbers of measurements
would undoubtedly improve the accuracy of the statistical descriptions developed in this
work, to the authors’ knowledge this study represents one of the first attempts to
characterize the distribution of VGCNF features in real thermoset nanocomposites.
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a)

b)

c)
Figure 3.11.

a) Weibull PDF and histogram of measured VGCNF visible aspect ratios
(Lv/Do), b) Weibull PDF and histogram of measured VGCNF visible
waviness ratios (hv/λv), and c) visible waviness ratio (hv/λv) plotted as
function of visible aspect ratio (Lv/Do).
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Moreover, the mean visible fiber waviness ratio, hv/λv = 0.054, may be used as a
lower bound on expected h / λ values. Figure 3.10b suggests that the use of very small
amounts of hollow VGCNFs (0.63 v%) can result in over a threefold increase in the
predicted effective longitudinal modulus in comparison with the unreinforced matrix.
Improvements in experimentally measured moduli, however, typically are less profound
[Fisher 2002]. The difference between measured and predicted results may be attributed
to nanofiber waviness, poor nanofiber dispersion, poor fiber-to-matrix adhesion, and/or
the presence of nanofiber agglomerates in the actual composite specimens. Using the
approach developed by Yu et al. (2011), Figure 3.12 contains a plot of the effective
nanocomposite longitudinal modulus, EL, as a function of nanofiber waviness ratio (h/λ)
for VGCNF/VE nanocomposites containing 0.63v% aligned hollow nanofibers. The
mean relative wall thickness, Ro/t = 2.08, and visible aspect ratio, Lv/Do = 30.9 ± 12.6,
determined in this study were used in performing the calculations. Not surprisingly, the
effective modulus was a maximum for composites containing straight nanofibers (h/λ
= 0). As the fiber waviness ratio increased to a modest level (h / λ = 0.1), the predicted
modulus decreased substantially. For higher degrees of fiber waviness (h / λ > 0.3), the
nanofibers ceased to make a significant contribution to the effective longitudinal modulus
and the bulk composite properties are more consistent with those of the unmodified
matrix. Note that the effective modulus for composites containing wavy fibers with
h/λ = 0.054 (corresponding to the mean visible fiber waviness ratio measured in this
study) was 24% lower than the value for a composite containing straight nanofibers
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(h/λ = 0). Hence, hv/λv = 0.054 may be used to establish an upper bound on the calculated
modulus, accounting for the minimum expected amount of nanofiber waviness.

Figure 3.12.

Effect of fiber waviness on effective longitudinal modulus for
nanocomposite containing aligned hollow nanofibers (0.63v% VGCNFs;
Ro/t = 2.08; Lv/Do = 30.9 ± 12.6).

3.5. Conclusions
In this study, key aspects of nanofiber morphology in vapor grown carbon
nanofiber (VGCNF)/vinyl ester nanocomposites were characterized using transmission
electron microscopy (TEM) images. Three-parameter Weibull probability density
functions were generated to describe the statistical variation in nanofiber outer diameters,
wall thicknesses, relative wall thicknesses, visible aspect ratios, and visible waviness
ratios. The distribution of nanofiber outer diameters was consistent with the range of
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values for as-manufactured nanofibers reported in the literature. Based upon a linear
regression of experimental data, the relative nanofiber wall thicknesses were reasonably
constant over a range of nanofiber radii (i.e., larger nanofibers had roughly the same
relative wall thickness as did smaller ones). This suggests for PR-24-XT series
VGCNFs, it may be reasonable to assume a nominal relative wall thickness, Ro/t ≈ 2.08.
Such information could be used to establish more realistic nanofiber moduli and strengths
obtained from nanofiber tensile tests, as well as to develop physically motivated
computational models for predicting nanocomposite behavior. While the nanofiber
aspect ratios and fiber waviness measurements were restricted to the visible portions of
nanofibers lying in the plane of the TEM images, such data can be used to predict bounds
on the effective nanocomposite elastic properties. This study represents one of the first
attempts to characterize the distribution of VGCNF features in real thermoset
nanocomposites.

3.6. Future work
In the future, similar measurements could be used to infer the volume fraction of
agglomerated nanofibers, voids, carbon clusters, and other morphological features in
thermoset nanocomposites. These data are crucial for the development of hierarchical
multiscale materials models that account for the morphologies and geometries of real
heterogeneous materials. This investigation aims to facilitate the development of
engineered multiscale materials design by providing insight into relationships between
nanomaterial fabrication/processing, chemical and physical characteristics, and
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interaction and evolution of structure across disparate spatial scales that lead to improved
macroscale performance.
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CHAPTER 4
EFFECTIVE PROPERTY ESTIMATES FOR COMPOSITES CONTAINING
MULTIPLE NANOHETEROGENEITIES

4.1. Abstract
The Effective Continuum Micromechanics Analysis Code (EC-MAC) was
developed for predicting effective properties for composites containing multiple distinct
nanoheterogeneities (fibers, spheres, platelets, voids, etc.) each with an arbitrary number
of coating layers based upon either the modified Mori-Tanaka method (MTM) and self
consistent method (SCM). The effective elastic moduli of composites containing solid
silica nanospheres, hollow glass nanospheres, α-ZrP nanoplatelets, and vapor grown
carbon nanofibers were estimated using EC-MAC. The predicted results matched well
with experimental values from the literature. In addition, the effect of defects (voids,
carbon clusters, and agglomerates, etc) on the effective elastic moduli was investigated.
The notion of the “effective” volume fraction of nanoreinforcements was introduced
based upon the fraction of the total reinforcements that are well dispersed.
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4.2. Introduction
Polymer matrix composites (PMCs) are widely used in automotive applications
due to their good elastic properties, tailorability, and multi-functionality [Hussain et al.
2006, Jones 1999, Nielsen and Landel 1994]. In recent years, PMCs reinforced with
TiO2 [Chatterjee and Islam 2008], polypropylene [Paik et al. 2007], and polyethylene
nanospheres [Paik and Kar 2008], nickel + aluminum nanoparticles [Martin et al. 2007],
solid silica nanospheres [Zhang et al. 2006], hollow glass spheres [Huang and Gibson
1993], graphite nanoplatelets [Li et al. 2007, Zheng et al. 2009, Cai et al. 2009, Cho et al.
2007, Yan et al. 2010], α-ZrP nanoplatelets [Boo et al. 2007], vapor grown carbon
nanofibers (VGCNFs) [Al-Saleh and Sundararaj 2009, Zhou et al. 2007, Choi et al. 2005],
and carbon nanotubes (CNTs) [Sun et al. 2009, Eitan et al. 2006, Kang et al. 2006] have
been developed with the goal of obtaining significant material property enhancements
resulting from the high surface-area-to-volume ratio associated with such
nanoreinforcements. Recent studies have emphasized the development of analytic and
numerical material models to facilitate nanomaterial design in order to minimize the
requisite amount of specimen preparation and testing [Leszczynski and Shukla 2010].
Effective composite properties depend on a number of factors including
nanoreinforcement volume fraction, size, orientation, morphology, and dispersion.
Composite materials manufacturing processes play a crucial role in determining those
factors [Nouranian et al. 2010]. Fabrication of composites with well-dispersed and
preferentially oriented nanoreinforcements remains a significant challenge. Addition of
small amounts of nanoreinforcements can increase liquid resin viscosities by over an
order of magnitude [Toll 1998, Sudduth 2008]. This may result in increased void content
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due to difficulties in degassing prior to curing, particularly at higher nanoreinforcement
volume fractions. Moreover, poorly dispersed or agglomerated nanoreinforcements
become a significant concern as the volume fraction of reinforcements or resin viscosity
is increased. Only a fraction of the total amount of nanoreinforcements may be
"effective" in enhancing composite stiffness and strength properties due to their good
dispersion. The remaining fraction of nanoreinforcements contained in agglomerates or
otherwise poorly distributed may lead to a significant reduction in bulk composite
properties, particularly strength.
In this work, the effective continuum micromechanics analysis code (EC-MAC)
was developed to estimate effective stiffness properties for composites containing
multiple nanoheterogeneities (fibers, spheres, platelets, voids, etc.), based upon the MoriTanaka and self-consistent micromechanical models. The influence of
nanoreinforcement geometries, distinct elastic properties, and orientations are addressed.
The code is capable of treating either hollow or solid reinforcements, each with an
arbitrary number of surrounding interphase layers (coatings). In addition, the effect of
nanofiber waviness on bulk composite properties is accounted for using an approach
developed by Hsiao and Daniel (1996), Fisher (2002), and Fisher et al. (2003a, 2003b).
Single and multiple step homogenization procedures were both used to determine
effective properties for composites containing reinforcements of disparate sizes (i.e.,
nanofibers or nanoplatelets combined with traditional E-glass fibers).
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4.3. Morphology of typical nanoheterogeneities

4.3.1. Nanoreinforcement dimensions and properties
Nanoreinforcements (nanospheres, nanoplatelets, and nanofibers, etc) can have
very distinct morphologies, sizes, and material properties. Nanocomposites reinforced
with small volume fractions of nanospheres can also result in improvements in composite
thermal conductivity, mechanical stiffness and strength, and chemical and thermal
resistance without a substantial increase in liquid resin viscosities [Toll 1998, Sudduth
2008]. As a consequence, nanosphere reinforced composites typically are easy to process
and exhibit relatively uniform nanoreinforcement distributions. Composites reinforced
with small amounts of nanoplatelets often display significantly improved tensile
properties, decreased coefficients of thermal expansion, and reduced gas permeability, in
comparison with the neat resin [Toll 1998, Sudduth 2008, Boo et al. 2007]. Nanoclay
platelets often display a thin/thick flake-like morphology that appears in intercalated
(stacked deck of cards) or exfoliated (individual card) structures. Either intercalated or
exfoliated nanoplatelets can be idealized as circular plates with diameter (Dp) and
thickness (tp). Note that the aspect ratio (Dp/tp) for exfoliated nanoplatelets can be
substantially larger than for intercalated nanoplatelets where the intercalated grouping is
considered a single unit. In contrast to nanoclay platelets, which can display intercalated
and exfoliated architectures of varying thicknesses, α-zirconium phosphate (α-ZrP)
nanoplatelets [Boo et al. 2007] are structures with a nominal thickness, tp = 1 nm, whose
diameters can vary (i.e., Dp = 100, 1000 nm). Of course, as the aspect ratio of
nanoplatelets increases, the corresponding viscosity of the liquid resin containing these
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platelets can increase appreciably [Toll 1998, Sudduth 2008]. As-manufactured vapor
grown carbon nanofibers (VGCNFs) often display either hollow cylinder or bamboo-like
architectures with diameters of 60-200 nm and aspect ratios over the range, Lf /Df = 502000+, where Lf and Df are the VGCNF length and diameter, respectively. Similar to
nanoplatelets, as the nanofiber aspect ratio increases, the corresponding viscosity of the
nanophased liquid resin can increase appreciably. The increased viscosity often leads to
poor nanofiber dispersion and difficulties in breaking up nanofiber agglomerates.
Nanofibers are often aggressively mixed in the resin using some combination of
ultrasonication and/or high shear mixing for better dispersion [Nouranian et al. 2010].
The actual nanofiber aspect ratios (Lf /Df) in cured composites can be somewhat lower
than the as-manufactured values due to nanofiber breakage during fabrication. In this
study, EC-MAC was used to predict effective elastic properties of composites containing
idealized solid silica nanospheres [Zhang et al. 2006], hollow glass spheres [Huang and
Gibson 1993], α-ZrP nanoplatelets [Boo et al. 2007], and VGCNFs [Yu et al. 2011b].
Zhang et al. (2006) performed tensile and flexural testing of silica
nanosphere/epoxy composites to investigate the effect of the distance between
nanoparticles on bulk composite properties. The nominal diameter and Young’s moduli
of the solid silica nanospheres were Ds = 25 nm and Es = 24 GPa, respectively.
Significant improvements were observed for composite elastic moduli and toughness
when the interparticle distance was smaller than the silica nanoparticle diameter.
Figure 4.1a shows a transmission electron microscopy (TEM) image of these silica
nanospheres in an epoxy matrix from Zhang et al. (2006).
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Huang and Gibson (1993) performed tensile testing of composites containing
hollow glass spheres (Ds = 42 nm, wall thickness tw = 0.84 nm) in a polyester matrix.
Such reinforcements have a thin-walled “egg-shell” type of architecture. Figure 4.1b
contains a scanning electron microscopy (SEM) image of individual hollow glass
nanospheres from [Huang and Gibson 1993]. The measured tensile moduli decreased
with increasing amounts of hollow glass spheres. Table 4.1 contains a summary of
nanosphere dimensions and properties, as well as matrix properties from [Huang and
Gibson 1993].
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a)

b)
Figure 4.1.

a) TEM image of a solid silica nanosphere/epoxy composite from [Zhang
et al. 2006] and b) SEM image of hollow glass spheres from [Huang and
Gibson 1993].
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Boo et al. (2007) investigated the effect of nanoplatelet aspect ratios (Dp/tp) on
stiffness properties for α-zirconium phosphate (α-ZrP)/epoxy composites. The α-ZrP
nanoplatelets had a nominal thickness, tp = 1 nm, and two distinct diameters, Dp = 100,
1000 nm [Boo et al. 2007]. For the given volume fraction of reinforcements,
nanocomposites prepared using the higher aspect ratio nanoplatelets (Dp/tp = 1000)
displayed a 7% improvement in bulk tensile properties in comparison with composites
prepared with the lower aspect ratio nanoplatelets (Dp/tp = 100). Figure 4.2 shows SEM
images of α-ZrP/epoxy composites containing nanoplatelets with two different aspect
ratios, Dp/tp = 100 and 1000 [Boo et al. 2007]. The α-ZrP nanoplatelets may be idealized
as thin circular plates with diameters (Dp) and thickness (tp). Table 4.1 contains the
summary of α-ZrP nanoplatelets dimensions, density, and Young’s modulus used in this
study, where the Young’s modulus of α-ZrP nanoplatelets (Ep) was obtained from
Matweb [Matweb 2011].
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a)

b)
Figure 4.2.

SEM images of α-ZrP nanoplatelets in α-ZrP/epoxy resin composites
displaying aspect ratios, a) Dp/tp = 100 and b) Dp/tp = 1000 from [Boo et
al. 2007].

VGCNFs are increasingly used as nanoreinforcements due to their excellent
mechanical properties [Al-Saleh and Sundararaj 2009, Zhou et al. 2007] and relatively
low cost compared to single-walled and multi-walled carbon nanotubes [Tibbetts et al.
2007]. As-manufactured VGCNFs typically display either hollow or bamboo-like
cylindrical architectures (Figure 4.3a and 4.3b) with outer diameters and aspect ratios in
the ranges Df = 60-200 nm and Lf /Df = 50-2000+, respectively [Ozkan et al. 2010]. The
wall thickness and degree of VGCNF waviness (curvature) can also vary substantially
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from fiber to fiber [Fisher 2002]. VGCNFs exhibit a large degree of waviness in their asmanufactured state. Figure 4.4a shows a SEM image of a wavy nanofiber on a fracture
surface from a VGCNF/VE nanocomposite. The degree of fiber waviness can be
expressed in terms of the nanofiber waviness ratio (h/λ), where h and λ are the amplitude
(height) and wavelength of the wavy fiber, respectively [Hsiao and Daniel 1996, Fisher
2002, Fisher et al. 2003a, Fisher et al. 2003b] (Figure 4.4b).
Yu et al. (2011b) used TEM images to characterize the statistical distribution of
nanofiber diameters (Df = 120 ± 34 nm), wall thicknesses (tf = 30.2 ± 10.8 nm), visible
nanofiber waviness ratios (hv /λv = 0.054 ± 0.052), and other features in VGCNF/vinyl
ester (VE) composites. In that work, PR-24-XT-LHT-OX VGCNFs [Applied Sciences
Inc., 2010] and Derakane 441-400 vinyl ester [Ashland Chemical Co., 2010] were used
as the reinforcement and matrix, respectively. The term "visible nanofiber" refers to the
portions of the nanofibers which can be seen above or on the composite surfaces by
TEM. In that study, the visible nanofiber waviness ratio (hv /λv) was measured since each
TEM sample only contained portions of actual nanofibers (Figure 4.4c). Even though
typical as-received nanofiber lengths can exceed several microns, a significant fraction of
a given nanofiber may lie outside of the plane of the ultramicrotome section used in TEM
imaging [Yu et al. 2011b].
Lee (2010) performed flexural tests on nanocomposites comprised of PR-24-XTLHT-OX VGCNFs [Applied Sciences Inc., 2010] in a Derakane 441-400 vinyl ester
[Ashland Chemical Co., 2010] resin. Ozkan et al. (2010) performed
microelectromechanical systems (MEMS)-based tensile tests of Applied Sciences Inc.
PR-24-XT-series VGCNFs to measure nanofiber tensile moduli, Ef = 240 GPa, and
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strengths (2.35 GPa) assuming the nanofibers had a solid carbon cross-section due to
difficulties in measuring VGCNF wall thicknesses. Yu et al. (2011a, 2011b) proposed a
simple methodology for estimating the tensile moduli and strengths for hollow PR-24-XT
series VGCNFs using the measured moduli and strength data from [Ozkan et al. 2010],
and after obtaining the distributions of both inner and outer diameters of PR-24-XT
VGCNFs. Table 4.1 contains a summary of nanofiber dimensions and properties, as well
as matrix properties from [Lee 2010].

a)
Figure 4.3.

b)
TEM images of VGCNFs displaying a) hollow cylindrical, and b) bamboo
architectures.
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a)

b)

c)
Figure 4.4.

a) SEM image of a wavy VGCNF from [Yu et al. 2011a], b) idealized
segment of a wavy fiber (h/λ = fiber waviness ratio), and c) TEM image of
a wavy nanofiber (hv /λv = fiber visible waviness ratio) from [Yu et al.
2011b].
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Table 4.1.

Composite material constituent properties.

Reinforcement/
Matrix

Reinforcement
Dimensions

Young's Modulus
(GPa)

Poisson's Ratio

Solid Silica
Nanospheres/

Ds = 25 nm1

Es = 241

0.171

Epoxy

-

Em =3.271

0.321

Hollow Glass Spheres/
Polyester
α-ZrP Nanoplatelets/
Epoxy

Ds = 42 ± 21 nm2

2

tw = 0.84 nm2

Es =70.2

0.23

-

Em =4.892

0.373

Ep =94.53

0.38

Em =2.94

0.323

Ef =240.06,9

0.38

Em =3.167

0.38

Dp = 100 - 1000 nm4
tp = 1 nm4
-

Vinyl Ester

Lf = 12 μm8
Df = 120 ± 34 nm5
-

E-glass Fibers/

Df = 15 μm8

Ef =72.43

0.33

Vinyl Ester

-

Em =3.167

0.38

VGCNFs/

1

[Zhang et al. 2006]
[Huang and Gibson 1993]
3
[Matweb 2011]
4
[Boo et al. 2007]
5
[Yu et al. 2011b]
6
[Ozkan et al. 2010]
7
[Lee 2010]
8
Assumed value
9
Assumed solid cross section
2
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4.3.2. Nanoscale defects and other structures
Nanocomposites may also contain nanoscale defects and other entities such as
voids, carbon clusters, and nanoreinforcement agglomerates. An increase in the
nanoreinforcement volume fraction and/or aspect ratio can result in a significant increase
in the nanophased liquid resin viscosity, resulting in an increase in the void content in the
composite. For example, Figure 4.5a shows a spherical void in a VGCNF/VE
nanocomposite. VGCNF nanocomposites may also contain a number of tiny quasispherical carbon clusters and their aggregates that are formed during VGCNF fabrication.
Such aggregate structures may contain a combination of iron particles and carbon, and
can be large in comparison to individual VGCNFs (Figure 4.5b). In addition, VGCNF
nanocomposites may contain a number of nanofiber agglomerates. Figure 4.5c shows an
SEM image of a nanofiber agglomerate in a VGCNF/VE nanocomposite. This
agglomerate contains a “bird-nest”-like entanglement of hundreds, or even thousands, of
individual nanofibers. Such agglomerated structures can drastically reduce
nanocomposite strengths. Moreover, the likelihood of agglomerates increases with both
increasing nanoreinforcement volume fraction, using some mixing techniques, and resin
viscosity.
The “effective” nanoreinforcement volume fraction may be defined as the fraction
of the total reinforcements that are well dispersed. One key challenge, however, is to
accurately determine the VGCNF effective volume fraction, as well as the volume
fraction of voids, carbon clusters, and agglomerates in real nanocomposites. Voids,
carbon clusters, and nanofiber agglomerates can all be loosely idealized as spheres. Of
course, voids have null material properties. The elastic moduli of carbon clusters are
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unknown, but likely are far lower than those of turbostratic carbon. Some VGCNF
agglomerates may also be approximated as void-like structures since there is often very
poor VGCNF wetting inside of the agglomerates. Some agglomerates appear to be fully
or almost fully infused with resin from TEM observations. These would constitute stiffer
spherical-like inclusions of much larger scale size than individual fibers. Provided their
mechanical properties and volume fractions were known, the effect of voids, carbon
clusters, and VGCNF agglomerates on bulk composite properties could be determined
using the modeling approach developed in this work.
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a)

b)

c)
Figure 4.5.

Nanoheterogeneities in VGCNF/VE composites: a) void (100X), b)
carbon cluster (17000X), and c) nanofiber agglomerate (2000X).
99

4.4. Effective property estimates using mean field micromechanical approaches
A number of mean field micromechanics approaches have been developed for
predicting effective heterogeneous material properties, particularly for composites
containing low volume fractions of reinforcements in an elastic matrix. These include the
Mori-Tanaka method (MTM) [Mori and Tanaka 1973, Benveniste 1987], the selfconsistent method (SCM) [Hill 1965], and various coated inclusion techniques [Mura
1987, Nemat-Nasser and Hori 1993]. These approaches are based upon the classic
Eshelby solution [Eshelby 1957] for the stress and strain field due to the presence of an
ellipsoidal inclusion in an infinite domain subjected to uniform far-field loading. Mean
field approaches have been used to investigate the effect of solid nanofibers or
nanoplatelets on bulk nanoreinforced matrix properties [Fisher et al. 2003a, Liu and
Brinson 2008], and have been modified to account for the effect of varying degrees of
nanofiber waviness developed by Hsiao and Daniel (1996), Fisher (2002), and
Fisher et al. (2003a, 2003b).
Yu et al. (2010a) developed modified MTM and SCM models for predicting
effective elastic properties for nanocomposites containing hollow wavy nanofibers
surrounded by an arbitrary number of coating layers. In the current study, these
micromechanical models are extended to estimate effective properties of composites
containing multiple nanoheterogeneities of arbitrary shapes. The Effective Continuum
Micromechanics Analysis Code (EC-MAC) was developed as part of this study using
MATLAB [Matlab 2008] for predicting effective properties of composites containing
multiple heterogeneities each with an arbitrary number of coating layers based upon
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modified versions of the MTM and SCM. The code allows for either hollow or solid
reinforcements.

4.4.1. Modified Mori-Tanaka method for composites containing multiple
heterogeneities
The MTM assumes that a single ellipsoidal heterogeneity is embedded within a
homogeneous matrix domain, whose strain field has been perturbed by other
heterogeneities in the system. The MTM uses the continuum averaged stress and strain
fields to predict effective material properties for composites containing arbitrary
ellipsoidal heterogeneities [Mura 1987, Nemat-Nasser and Hori 1993, Qu and Cherkaoui
2006, Mori and Tanaka 1973, Benveniste 1987]. For a composite with matrix phase (0)
and heterogeneity phase (1), the effective 4th order elastic stiffness tensor, L , can be
expressed as [Nemat-Nasser and Hori 1993]
L  L(0) : {I  c1 ( S (1)  I ) : ( A(1)  S (1) ) 1} : {I  c1 S (1) : ( A(1)  S (1) ) 1}1

(4.1)

where

A(1)  ( L(0)  L(1) ) 1 : L(0)

(4.2)

(0)
(1)
th
A(1) is the local strain concentration tensor for the heterogeneity. L and L are the 4

rank elastic stiffness tensors for the matrix and heterogeneity, c1 is the heterogeneity
volume fraction, S(1) is the 4th rank Eshelby tensor for the heterogeneity, and I is the 4th
rank identity tensor. Here a colon “:” is used to denote the tensor double dot product.
The Eshelby tensor (S(1)) accounts for the influence of the aspect ratio/geometry of the
heterogeneity on the local strain field. Eshelby tensors for specific reinforcement shapes
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(spheres, platelets, fibers, etc.) are readily available in the literature [Mura 1987, NematNasser and Hori 1993, Qu and Cherkaoui 2006]. The 4th rank effective compliance
tensor, M , may be determined by inverting the effective stiffness tensor (1). After
performing requisite orientation averaging to account for the effect of two- and threedimensional randomly oriented heterogeneities on the calculated effective properties
[Mura 1987, Nemat-Nasser and Hori 1993, Qu and Cherkaoui 2006], the effective
compliance tensor may be expressed as a 6 by 6 matrix using Voigt notation. For a
composite containing aligned nanofibers, the effective composite moduli in the
longitudinal fiber (EL) and transverse (ET) directions may be expressed as

EL 

1
M 11

(4.3)

and

ET 

1
1

,
M 22
M 33

(4.4)

respectively. Here, M 11 , M 22 , and M 33 are components of the effective compliance
tensor. Similar expressions may be used to define effective composite moduli for
composites containing aligned or two- and three-dimensional randomly oriented
heterogeneities of arbitrary shape (platelets, ellipsoids, etc.)
This approach may be extended to the case for composites containing multiple
distinct heterogeneities. Suppose that the matrix contains m distinct types of ellipsoidal
heterogeneities (k = 1, 2,..., m) each consisting of nk layers (αk = 1, 2,..., nk; k = 1, 2,..., m).
As an example, Figure 4.6 shows a composite containing five (m = 5) distinct types of
heterogeneities (k = 1, 2,...,5) each with a single coating layer (αk = 2, defines the total
102

number of layers for the kth heterogeneity, i.e., particle plus one coating layer). Each
heterogeneity has both distinct elastic properties and an arbitrary shape. Based upon a
composite containing m distinct types of heterogeneities (k = 1, 2,..., m) each having an
arbitrary number of layers (nk) in a matrix (0), the overall elasticity tensor, L , may be
expressed as [Nemat-Nasser and Hori 1993]
m

nk

L  L( 0) : {I   [  c ( k )  ( S ( k )  I ) : ( A( k )
k 1  k 1

( k )

k

 S ( k ) ) 1 ]} :
m

nk

{I   [  c ( k )  S ( k ) : ( A( k )
k 1  k 1

k

( k )

 S ( k ) ) 1 ] }1

(4.5)
where

A( k )
A( k )

( k )

( k )

 ( L(0)  L( k )

( k ) 1

) : L(0)

(4.6)

is the local strain concentration tensor for the nk th layer of the mth heterogeneity.

Here L( k )

( k )

is the 4th rank elastic stiffness tensor for the nk th layer of mth heterogeneity.

c ( k )  is the volume fraction of the nk th layer of mth heterogeneity. S(k) is the 4th rank
Eshelby tensor common to the heterogeneity and all layers of mth heterogeneity. Once
the overall elasticity tensor, L , is determined for composites containing aligned or
randomly oriented heterogeneities, the relevant elastic moduli may be determined using
relationships similar to Eqs. (4.3-4.4).
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Figure 4.6.

Schematic of a composite containing five (m = 5) distinct types of
heterogeneities (k = 1, 2,...,5) each with a single coating layer (nk = 2).

4.4.2. Modified self-consistent method for composites containing multiple
heterogeneities
The SCM [Mura 1987, Nemat-Nasser and Hori 1993, Qu and Cherkaoui 2006,
Hill 1965] assumes that the nth ellipsoidal heterogeneity is embedded within a
homogeneous matrix with an unknown effective stiffness tensor, L . For a composite
with a matrix phase (0) and heterogeneity phase (1), the effective 4th rank elastic stiffness
tensor may be determined iteratively from [Nemat-Nasser and Hori 1993]

L  L : {I  c1 ( S (1)  I ) : ( A (1)  S (1) ) 1 } : {I  c1 S (1) : ( A (1)  S (1) ) 1 }1

where
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(4.7)

A (1)  ( L  L(1) ) 1 : L

(4.8)

Here, A (1) is the strain concentration tensor for the heterogeneity (1) based upon the
effective composite properties. The effective stiffness tensor (7) may be determined in an
iterative fashion. The 4th rank effective compliance tensor, M , may be determined by
inverting the effective stiffness tensor (7), and the effective elastic moduli of composites
containing aligned nanofibers for the longitudinal fiber (EL) and transverse (ET)
directions may be determined in a fashion similar to that for the MTM.
Similar to the MTM, this approach may be extended to the case for composites
containing multiple distinct heterogeneities. Suppose that the effective homogeneous
medium, L , contains m distinct types of ellipsoidal heterogeneities (k = 1, 2,..., m) each
consisting of nk layers (αk = 1, 2,..., nk). Based upon a composite containing m distinct
types of heterogeneities each having an arbitrary number of layers (nk) in a matrix (0),
then the overall elasticity tensor, L , may be expressed as [Nemat-Nasser and Hori 1993]
m

nk

L  L : {I   [  c ( k )  ( S ( k )  I ) : ( A( k )
k 1  k 1

( k )

k

 S ( k ) ) 1 ]} :
m

nk

{I   [  c ( k )  S ( k ) : ( A( k )
k 1  k 1

k

( k )

 S ( k ) ) 1 ] }1

(4.9)
where

A( k )
A( k )

( k )

( k )

 ( L  L( k )

( k ) 1

) :L

(4.10)

is the global strain concentration tensor for the nk th layer of mth heterogeneity.
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4.5. Effective elastic moduli for nanocomposites containing multiple
nanoheterogeneities
In this study, EC-MAC was used to determine the effective elastic moduli of
composites containing a combination of nanoreinforcements (solid silica [Zhang et al.
2006] and hollow glass [Huang and Gibson 1993] nanospheres, α-ZrP nanoplatelets
[Boo et al. 2007], and VGCNFs [Ozkan et al. 2010]) and voids, assuming that all
heterogeneities are well dispersed in the matrix and perfectly bonded to the other phases.
In all calculations, the effective moduli, Eeff, for the composites were normalized by their
respective matrix modulus, Em. Table 4.1 on page 92 contains a summary of the
composite reinforcement and matrix properties used in this study.

4.5.1. Effective elastic moduli of composites containing nanospheres
EC-MAC was used to estimate the elastic moduli of composites comprised of
solid silica nanospheres in an epoxy matrix. Table 4.1 contains a summary of the
relevant mechanical properties of the nanospheres and matrix used in the calculations.
Figure 4.7 shows a plot of the predicted normalized effective elastic modulus (Eeff /Em),
obtained using the MTM and SCM modules within EC-MAC, as a function of the
volume fraction of solid silica nanospheres. The predicted effective composite modulus
increased with increasing volume fraction of nanospheres. Note that the SCM led to
slightly lower estimates of Eeff compared to those obtained using the MTM.
Experimentally measured tensile moduli from [Zhang et al. 2006] are included in the
figure. While there was a fair degree of scatter in the measured moduli, the two
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micromechanical solutions reasonably matched the mean experimental response
particularly at lower volume fractions of reinforcements.

Figure 4.7.

Measured [Zhang et al. 2006] and predicted effective elastic moduli for
solid silica nanosphere/epoxy composites.

Similar effective property estimates were obtained for composites comprised of
hollow glass nanospheres in a polyester matrix. Huang and Gibson (1993) measured the
tensile properties for such composites. The hollow nanospheres were essentially thin
shell-like reinforcements, i.e., Ri / Ro ≈ 0.98 where Ri and Ro are the inner and outer
sphere radii, respectively (Figure 4.1b). Hence, the majority of the volume of each
sphere corresponded to void space. The glass spheres were simulated in EC-MAC using
a two layer idealization, where the inner most layer was ascribed essentially null material
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properties and the outer layer was comprised of glass. Table 4.1 contains a summary of
material properties used in the analysis. Figure 4.8 contains a plot of the measured
[Huang and Gibson 1993] and predicted effective composite modulus as a function of the
volume fraction of reinforcements, where the SCM module of EC-MAC was used in the
calculations. In contrast to the case involving solid silica nanospheres, the effective
modulus decreased with increasing volume fraction of hollow glass spheres. This makes
sense given the relatively low fraction of solid glass contained in each sphere. The
predicted modulus correlated reasonably well matched experimental data from [Huang
and Gibson 1993]. Figure 4.8 also includes the predicted effective modulus for a
polyester matrix containing spherical voids only (i.e., no glass outer wall). The predicted
modulus fell significantly below the measured and predicted values for the hollow glass
sphere/polyester composites. This suggests that the glass outer wall contributes to the
overall composite properties.
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Figure 4.8.

Effective elastic moduli of hollow glass sphere/polyester composites and a
polyester matrix containing spherical voids.

4.5.2. Effective elastic moduli of α-ZrP nanoplatelet/epoxy nanocomposites
containing voids
The MTM module in EC-MAC was used to predict the effective moduli of α-ZrP
nanoplatelet/epoxy nanocomposites containing randomly oriented nanoplatelets. Two
different nanoplatelet aspect ratios were considered, Dp / tp = 100, 1000. Table 4.1
contains a summary of nanoplatelet and matrix properties used in the analyses.
Figure 4.9 contains a plot of the effective composite moduli as a function of the volume
fraction of heterogeneities. Not surprisingly, the bulk composite stiffness increased as
the amount of nanoplatelets was increased. In addition, the moduli for composites
containing higher aspect ratio nanoplatelets (Dp / tp = 1000) was 13% (at 0.7v% of
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nanoplatelets) greater than those for composites containing lower aspect ratio
reinforcements (Dp / tp = 100). Included in the figure are experimental data from
Boo et al. (2007). While the predicted solutions fell within the error band of the
measured values, they slightly over estimated the mean experimental response in both
cases.
Even small amounts of high aspect ratio nanoreinforcements can result in a
substantial increase in liquid resin viscosity, which can lead to difficulties in degassing
and increased void content in the cured composites. The disparity in the predicted and
measured moduli is likely due to some combination of void content, poorly dispersed
nanoplatelets, or nanoplatelet agglomerates. In order to assess the effect of voids on the
bulk elastic properties, additional calculations were performed for composites containing
both nanoplatelets and voids. In these simulations it was assumed that the volume
fraction of voids was the same as for nanoplatelets (cv = cp). Figure 4.9 contains a plot of
the predicted effective moduli for composites containing both nanoplatelets and voids.
This suggests that the presence of voids results in roughly a ~3% decrease in the effective
composite moduli, which better matches the mean experimental values from [Boo et al.
2007]. Provided that the effective volume fraction of nanoplatelets and actual void
content were known, similar calculations could be performed that better account for the
effect of nanoplatelet dispersion and defects on bulk nanocomposite properties.
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Figure 4.9.

Effective elastic moduli of α-ZrP nanoplatelet/epoxy composites
containing nanoplatelets (Dp / tp = 100, 1000) and voids.

4.5.3. Effective elastic moduli of VGCNF/VE composites containing nanofibers and
voids
Parametric studies were performed, using the MTM module in EC-MAC, to
investigate the effect of voids on the effective elastic moduli for VGCNF/VE
nanocomposites containing either aligned or randomly oriented solid nanofibers (aspect
ratio, Lf / Df = 100). In the analyses, the volume fraction of voids was assumed to be the
same as that for the VGCNFs (cv = cf). Table 4.1 contains a summary of VGCNF and
matrix properties used in the analysis. Figure 4.10a contains a plot of the effective
longitudinal modulus (EL) and transverse modulus (ET) as a function of heterogeneity
volume fraction for nanocomposites containing aligned VGCNFs, as well as for
nanocomposites containing both VGCNFs and voids (cv = cf). The predicted effective
longitudinal modulus (EL) increased significantly with an increasing amount of VGCNFs.
111

The presence of voids resulted in a small decrease in EL for the aligned fiber case. The
bulk transverse modulus (ET) was fairly insensitive to increasing amounts of VGCNFs;
ET decreased slightly with increasing void volume fraction. As an aside, if the amount of
VGCNFs is fixed (cf = 0.01), then a void volume fraction (cv = 0.044) will result in an
effective transverse modulus (ET) below that of the neat matrix (Em).
Figure 4.10b contains a similar plot of the effective elastic modulus as a function
of heterogeneity volume fraction for VGCNF/VE nanocomposites containing randomly
oriented nanofibers only (cv = 0), as well as randomly oriented nanofibers with voids
(cv = cf). In both cases, the bulk composite modulus increased with increasing amounts
of VGCNFs. The relative influence of voids on the nanocomposite properties was more
pronounced than for the aligned nanofiber case; the addition of voids resulted in roughly
a 3% decrease in the effective elastic modulus. Furthermore, if the amount of VGCNFs
is fixed (cf = 0.01), then a void volume fraction (cv = 0.07) will result in effective elastic
modulus below that of the neat matrix.
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a)

b)
Figure 4.10.

Effect of voids on the effective elastic moduli of nanocomposites
containing a) aligned straight nanofibers and b) randomly oriented
straight nanofibers.
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The previous results assumed that the VGCNF/VE nanocomposites contained
solid straight nanofibers. In real composites, VGCNFs can exhibit a large degree of fiber
waviness (Figure 4.3b and 4.4a). Thus, parametric studies were performed, using the
MTM module within EC-MAC, to assess the effect of nanofiber waviness on the
effective elastic moduli of VGCNF/VE composites containing either aligned or randomly
oriented VGCNFs, plus voids. The approach developed by Hsiao and Daniel (1996),
Fisher (2002), and Fisher et al. (2003a, 2003b) was used to characterize the influence of
fiber waviness on bulk composite properties. In the calculations, the volume fraction of
nanofibers was fixed (cf = 0.01). Figure 4.11a contains a plot of the estimated effective
longitudinal (EL) and transverse (ET) moduli as a function of nanofiber waviness ratios
(h/λ) for composites containing aligned wavy VGCNFs (cf = 0.01, cv = 0), as well as
aligned wavy VGCNFs and voids (cf = cv = 0.01). For the aligned nanofiber case, the
planes containing wavy nanofibers were randomly oriented about the longitudinal
(aligned) fiber axis when calculating ET. Similar to the results shown in
Figure 4.10a, the presence of voids resulted in a slight decrease in both moduli for the
aligned fiber case. As the nanofiber waviness ratio increased to a modest level (h/λ = 0.1),
the predicted longitudinal modulus (EL) decreased substantially. For higher degrees of
fiber waviness (h/λ ≥ 0.3), the nanofibers ceased to make a significant contribution to the
effective longitudinal modulus and the bulk composite properties are more consistent
with those of the unmodified matrix. In contrast, the predicted transverse modulus (ET)
increased gradually with increasing nanofiber waviness ratio; this is likely due to an
increase in the fraction of the projected fiber lengths lying in planes perpendicular to the
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longitudinal direction. For higher degrees of fiber waviness (h/λ ≥ 0.3), the transverse
modulus (ET) was greater than the longitudinal modulus (EL).
Figure 4.11b contains a plot of the effective elastic modulus as a function of
nanofiber waviness ratios (h/λ) for composites containing randomly oriented wavy
VGCNFs (cf = 0.01, cv = 0), as well as randomly oriented wavy VGCNFs and voids
(cf = cv = 0.01). Again, an increase in the degree of nanofiber waviness sharply decreased
the predicted effective modulus. The relative influence of voids on the nanocomposite
properties was more pronounced than for the aligned wavy nanofiber case; the addition of
voids resulted in roughly a 4% decrease in the effective elastic modulus. Figure 4.11b
also includes the measured mean visible fiber waviness ratio, (hv / λv)EXP = 0.054, from
Yu et al. (2011b); the reported value likely represents a lower bound on expected hv / λv
values. The actual mean fiber waviness ratio may be somewhat greater than
hv / λv = 0.054, resulting in a significant decrease in effective modulus in comparison with
the straight nanofiber case.
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a)

b)
Figure 4.11.

Effect of nanofiber waviness and voids on predicted effective elastic
moduli of VGCNF/VE nanocomposites containing a) aligned nanofibers
and b) randomly oriented nanofibers (cf = 0.01).
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For illustration purposes, the preceding parametric studies used VGCNF elastic
modulus data from [Ozkan 2010], which assumed the nanofibers were of solid crosssection. VGCNFs, however, typically display hollow architectures (Figure 4.3).
Yu et al. (2011b) measured the mean diameter, wall thickness, and visible nanofiber
waviness ratio for PR-24-XT-LHT-OX VGCNFs [Applied Sciences Inc., 2010] in a
Derakane 441-400 vinyl ester matrix [Ashland Chemical Co., 2010]. Figure 4.12
contains a plot of the measured elastic modulus for such nanocomposites from flexural
tests performed by Lee (2010). The measured flexural modulus increased with increasing
nanofiber volume fraction up to local maximum occurring at 0.48v% of
nanoreinforcements; the measured modulus decreased as the volume fraction of
nanofibers was further increased. Such a drop in bulk composite properties with
increasing amounts of nanoreinforcements is fairly typical, and is often attributed to poor
nanofiber dispersion, the presence of agglomerates/voids, or other consequences of
increasing nanophased liquid resin viscosity. The SCM module in EC-MAC was used to
predict the effective modulus for these nanocomposites, assuming the composite
consisted of well-dispersed randomly oriented hollow nanofibers. In performing the
calculations, the VGCNF diameter and wall thickness, data from [Yu et al. 2011b], were
used to define the nanofiber cross-section. The technique proposed by Yu et al. (2011a)
was used to estimate the elastic modulus of solid carbon in the hollow nanofibers from
measured data from [Ozkan et al. 2010]. Table 4.1 contains a summary of properties used
in the analysis. Figure 4.12 contains a plot of the effective elastic modulus as a function
of heterogeneity volume fraction for VGCNF/VE nanocomposites containing randomly
oriented, straight, hollow nanofibers. The predicted moduli for the straight fiber case
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significantly exceeded the observed moduli from [Lee 2010], particularly at higher
volume fractions of nanofibers. Additional estimates were obtained for composites
containing randomly oriented wavy VGCNFs, where the nanofiber waviness ratio,
(hv /λv) = 0.054, from [Yu et al. 2011b] was used in the calculations. Such estimates
better matched the experimental data at lower volume fractions of nanofibers, but still
over-predicted the measured moduli as the volume fraction of VGCNFs was increased
(Figure 4.12). As mentioned previously, an increase in resin viscosity due to
nanoreinforcements can lead to difficulties in degassing and increased void content in the
nanophased matrix. Effective elastic moduli were determined for nanocomposites
containing equal volume fractions of randomly oriented wavy VGCNFs and voids
(cf = cv). While the predicted moduli better matched the measured data when an equal
volume fraction of voids was present, the calculations failed to capture the local
maximum in observed moduli and the corresponding decrease in modulus at higher
nanofiber volume fractions. Toll (1998) and Sudduth (2008) showed that liquid resin
viscosities can increase as a nonlinear function of the volume fraction of reinforcements.
This suggests that the void volume fraction may increase in a similar fashion. Effective
elastic moduli were determined for nanocomposites containing randomly oriented wavy
VGCNFs and voids, where the volume fraction of voids increased as a quadratic function
of nanofiber volume fraction, i.e., cv = 0.4·cf 2. For this case, the estimated moduli
matched the observed values, and the predicted moduli captured the essential character of
the experimental data.
The preceding calculations assumed that the nonlinear variation in nanocomposite
effective moduli was primarily attributable to void content. In practice, the variations in
118

moduli may be due to a combination of poor nanofiber dispersion, the presence of
agglomerates, as well as voids. The effective volume fraction of VGCNFs (i.e., the
fraction that are well dispersed) may be somewhat lower than the volume fraction used in
specimen preparation due to the presence of agglomerates, particularly as the amount of
nanofibers is increased or when three-roll milling is not applied after high shear mixing.
This will serve to reduce the bulk composite properties in comparison to the case
involving a uniform distribution of fibers. In addition, clustered nanofibers with poor
fiber wetting may become entrapped in void-like agglomerates whose volume drastically
exceeds that of the fibers themselves. Accurate determination of the effective volume
fraction of nanofibers, as well as the volume fractions of agglomerates and other voidlike structures, remains a significant challenge. Nonetheless, the modeling approach
developed in this work provides a framework for predicting effective properties for
composites containing multiple distinct nanoheterogeneities.
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Figure 4.12.

Measured [Lee 2010] and predicted effective elastic moduli for
VGCNF/VE nanocomposites.

4.6. Effective elastic moduli of hybrid composites obtained using multistep
homogenizations
In the MTM and SCM modules contained within EC-MAC, the effect of weak
interactions between heterogeneities on the effective composite properties is accounted
for via a perturbation in the continuum-averaged strain field in the matrix. When
calculating effective properties for composites containing multiple distinct
heterogeneities, the size of different distinct the heterogeneities should be of the same
order of magnitude so that their effect on the perturbed strain field is comparable. This
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seems to be a reasonable assumption when combining silica nanospheres (Ds = 25 nm),
α-ZrP nanoplatelets (Dp = 1000 nm = 1 µm, tp = 1 nm), and/or VGCNFs (Df = 120 nm,
Lf = 12,000+ nm = 12+ µm) to form a hybrid composite, particularly when the volume
fraction of reinforcements remains small. When combining any one of these
reinforcements with traditional E-glass fibers (Df = 15 µm, Lf ≈ ∞), however, the large
disparity in reinforcement sizes may lead to difficulties in accurately accounting for
perturbations in the local fields due to each type of heterogeneity. For example, the
perturbation in the local strain field due to nanofiber-nanofiber interactions may be
overwhelmed by that of E-glass fiber-nanofiber interactions. Conversely, the E-glass
fibers may not appreciably “feel” the influence of individual nanofibers. As a
consequence, it may be appropriate to employ a multistep homogenization procedure that
attempts to account for large disparities in reinforcement sizes.
The SCM module in EC-MAC was used to calculate the normalized effective
longitudinal (EL /Em) and transverse (ET /Em) moduli for a hybrid composite containing 1v%
of randomly oriented α-ZrP nanoplatelets (Dp / tp = 1000) and 30v% of aligned E-glass
fibers in a VE matrix. Both a single step and a duel step homogenization procedure were
used. In the single step procedure, the effective properties of the E-glass/ α-ZrP
nanoplatelet/ VE composite were obtained using Eq. 4.9. In the dual step procedure, the
effective modulus ( E m ) of the nanophased (α-ZrP nanoplatelet/VE) matrix was
calculated first using Eq. 4.9 (or Eq. 4.7) based upon the scaled volume fractions of
nanoplatelets and matrix. The effective moduli for the hybrid composite were calculated
based upon the volume fraction of E-glass fibers and nanophased matrix. Similar
calculations were used to determine the normalized effective longitudinal (EL /Em) and
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transverse (ET /Em) moduli for a hybrid composite containing 1v% of randomly oriented,
straight, solid VGCNFs (Lf / Df = 100) and 30v% of aligned E-glass fibers in a VE resin.
Table 4.1 contains a summary of reinforcement dimensions and material properties used
in these calculations. Table 4.2 contains a summary of the calculated moduli for each
composite ( E m , EL, ET) obtained using both homogenization techniques. Included in the
table are the effective longitudinal and transverse moduli for an analogous E-glass/VE
composite (no nanoreinforcements). Table 4.2 shows that the dual step homogenization
procedure led to slightly larger calculated effective moduli, but the increase was not
significant. The effective properties of the hybrid composites were clearly dominated by
the properties of the aligned E-glass fibers. This makes sense given the large volume
fraction associated with these reinforcements. For the given material systems and
volume fractions of constituents, the multistep homogenization technique is likely
unnecessary. The role of such procedures in mean field approaches involving
constituents with dramatically different material properties and length scales remains to
be fully explored. At this point, we suggest always comparing the two procedures.
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Table 4.2.

Effective properties for E-glass/α-ZrP nanoplatelet/VE and Eglass/VGCNF/VE hybrid composites, containing 30v% aligned E-glass
fibers, 1v% nanoreinforcements, and 69v% VE matrix.

VE + E-glass

VE + α-ZrP nanoplatelets
(Dp/tp=1000) + E-glass

VE + VGCNFs
+ E-glass

Normalized
Modulus

Single
Step

Single
Step

Dual
Step

Single
Step

Dual
Step

E m / Em

-

-

1.123

-

1.270

E L / Em
ET / Em

8.265

8.322

8.392

8.338

8.496

1.697

1.735

1.918

1.751

1.997

4.7. Conclusions
The Effective Continuum Micromechanics Analysis Code (EC-MAC) was
developed using MATLAB for predicting effective properties of composites containing
multiple distinct heterogeneities (different nanoreinforcement types, voids, etc.) each
with an arbitrary number of coating layers based upon the modified Mori-Tanaka method
(MTM) and self consistent method (SCM). The effective elastic moduli of composites
containing multiple nanoheterogeneities (spheres, platelets, fibers, voids, etc.) were
estimated. The predicted effective elastic moduli of composites (i.e., solid silica
nanosphere/epoxy, hollow glass nanosphere/polyester, α-ZrP nanoplatelet/epoxy, and
VGCNF/VE composites) obtained using EC-MAC matched well with results from the
literature. The influence of nanoreinforcement geometries, distinct nanoreinforcement
elastic properties, and orientations on the effective elastic moduli was addressed, along
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with the presence of voids. The predicted moduli of composites containing randomly
oriented wavy VGCNFs and voids captured the essential character of the experimental
data, where the volume fraction of voids was expressed as a nonlinear function of the
volume fraction of reinforcements. The notion of an “effective” volume fraction of
nanoreinforcements was introduced. It was defined as the fraction of the total
reinforcements that are well dispersed. This concept may prove useful in simulating
nanocomposites containing significant amounts of agglomerated structures. If the
mechanical properties and volume fractions of agglomerated fibers (or other
heterogeneity types) were known, the effect of voids, carbon clusters, and VGCNF
agglomerates on bulk composite properties could be determined using the modeling
approach developed in this work. In addition, a multistep homogenization technique was
investigated for predicting effective elastic moduli of composites containing large
disparities in reinforcement sizes. The modeling approach developed in this work
provides a coherent framework for predicting effective properties for composites
containing multiple distinct nanoheterogeneities.

4.8. Future work
In the future, experimental measurements using transmission electron microscopy
and scanning electron microscopy could be performed to infer the volume fraction of
agglomerated nanofibers, voids, carbon clusters, and other morphological features in
thermoset nanocomposites necessary to estimate the effective elastic moduli. Work with
voids and hollow spheres could be extended to predicting properties of light weight/low
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density composites including closed cell foams. These data are crucial for the
development of hierarchical multiscale materials models that account for the
morphologies and geometries of real heterogeneous materials. This overarching
investigation aims to facilitate the development of engineered multiscale materials design
by providing insight into relationships between nanomaterial physical characteristics,
interaction, and evolution of structure across disparate spatial scales that lead to improved
macroscale performance.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions
The goal of this study was to exploit expertise in computational solid mechanics
to design and analyze cost-effective engineered nanocomposites for automobile primary
structural applications. One key challenge is to use the morphologies and geometries of
real heterogeneous nanomaterials to establish empirically validated multiscale analysis
methodologies which will allow structure-property relationships to be obtained over a
range of length scales. The influence of nanomaterial morphology is especially important
because the effective composite properties are dependent on nanomaterial orientation,
dispersion, cross section, aspect ratio, and degree of waviness, which are all considered
factors in this work. This study should facilitate the development of multiscale materials
design by providing insight into the relationships between nanomaterial morphology and
properties across multiple spatial scales that lead to improved macroscale performance.
Classical mean field approaches (i.e., Mori-Tanaka and self-consistent models)
were used to develop the Effective Continuum Micromechanics Analysis Code (ECMAC) for predicting effective elastic moduli of composites containing multiple distinct
heterogeneities each with an arbitrary number of coating layers. A parametric study was
performed investigating the effect of vapor grown carbon nanofiber (VGCNF)
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morphology (i.e., hollow versus solid cross-section), nanofiber-resin interphase properties
and dimensions, and nanofiber waviness on bulk nanocomposite elastic properties. For a
given nanofiber axial force-displacement relationship, composite elastic modulus
containing hollow nanofibers can significantly exceed that for composites with solid
nanofibers resulting in notable differences in bulk nanocomposite properties. In addition,
the development of a nanofiber-resin interphase can have a profound effect on composite
bulk elastic moduli. Consistent with results from the literature, small degrees of
nanofiber waviness can result in a significant decrease in effective composite elastic
moduli.
Key aspects of nanofiber morphology were characterized using transmission
electron microscopy (TEM) images for VGCNF/vinyl ester (VE) nanocomposites.
Three-parameter Weibull probability density functions were generated to describe the
statistical variation in nanofiber outer diameters, wall thicknesses, relative wall
thicknesses, visible aspect ratios, and visible waviness ratios. Based upon a linear
regression of experimental data, the relative nanofiber wall thicknesses were reasonably
constant over a range of nanofiber radii (i.e., larger nanofibers had roughly the same
relative wall thickness as did smaller ones). Such information could be used to establish
more realistic nanofiber moduli and strengths obtained from nanofiber tensile tests, as
well as to develop physically motivated computational models for predicting
nanocomposite behavior. While the nanofiber aspect ratios and fiber waviness
measurements were restricted to the visible portions of nanofibers lying in the plane of
the TEM images, such data can be used to predict bounds on the effective nanocomposite
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elastic properties. This study represents one of the first attempts to characterize the
distribution of VGCNF features in real thermoset nanocomposites.
The EC-MAC was used to predict effective properties of composites containing
multiple nanoheterogeneities (spheres, platelets, fibers, voids, etc.). The predicted
effective elastic moduli for a variety of nanocomposites (i.e., solid silica
nanosphere/epoxy, hollow glass nanosphere/polyester, α-ZrP nanoplatelet/epoxy, and
VGCNF/VE composites) obtained using EC-MAC matched well with results from the
literature. The influence of nanoreinforcement geometries, distinct elastic properties, and
orientation on the effective elastic moduli was addressed, along with the presence of
voids. For composites containing randomly oriented wavy VGCNFs and voids, the
predicted moduli captured the essential character of the experimental data, where the
volume fraction of voids was expressed as a nonlinear function of the volume fraction of
reinforcements. The notion of the “effective” volume fraction of nanoreinforcements was
introduced defined as the fraction of the total reinforcements that are well dispersed.
Such a concept may prove useful in simulating nanocomposites containing significant
amounts of agglomerated structures. Provided their mechanical properties and volume
fractions were known, the effect of voids, carbon clusters, and VGCNF agglomerates on
bulk composite properties could be determined using the modeling approach developed
in this work. In addition, a multistep homogenization technique was investigated for
predicting effective elastic moduli of composites containing large disparities in
reinforcement sizes. The modeling approach developed in this work provides a coherent
framework for predicting effective properties for composites containing multiple distinct
nanoheterogeneities.
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5.2. Recommendations
EC-MAC can be extended to estimate effective composite properties such as
electroelastic moduli, magnetic moduli, thermal and electrical conductivity, pyroelectric
coefficient, etc. In addition, for nonlinear material modeling of polymer nanocomposites,
the differential self-consistent method [Zobeiry et al. 2006] can be incorporated as a new
module in EC-MAC. For strength analysis of composites, the continuum level BowyerBader (1972) model can be used to predict the strength of composites containing threedimensionally random short fibers. One key goal of the micromechanics modeling is to
predict effective mechanical, electro-, thermo- elastic moduli, and strength properties for
multi-functional composites. In addition, experimental measurements using electron
microscopy images can be performed to infer the volume fraction of agglomerated
nanofibers, voids, carbon clusters, and other morphological features in VGCNF/VE
thermoset nanocomposites. High resolution TEM especially can be used to characterize
the dimension and composition of layered architectures of VGCNFs. These data are
crucial for the development of hierarchical multiscale materials models that account for
the morphologies and geometries of real heterogeneous materials.
Mean field approaches, such as the MTM and SCM, however, cannot be
efficiently used to predict local failure and strength since they do not explicitly account
for direct interactions between nanoreinforcements. As a consequence, the NASA
special-purpose composite failure analysis code, the Micromechanics Analysis Code with
the Generalized Method of Cells (MAC/GMC) [Arnold et al. 1999], can be used to assess
nanocomposite damage evolution and failure. MAC/GMC uses a robust local-to-global
iteration scheme where a hierarchy of repeating unit cells (RUCs) may be used to
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explicitly model the composite material structure and morphology over a wide range of
length scales. MAC/GMC will be used in conjunction with the ABAQUS [ABAQUS
2008] finite element solver to simulate progressive failure of composites to establish
structure-property relationships over a wide range of length scales, which account for the
morphologies and geometries of real heterogeneous materials. For nonlinear material
modeling of polymer nanocomposites, a nonlinear constitutive model [Goldberg et al.
2003] with isothermal (room temperature) and various strain rate conditions can be
employed in MAC/GMC. MAC/GMC is well suited to simulate polymer matrix
composites containing woven fiber tows [Bednarcyk and Pindera 2000], unidirectional
fiber tows, traditional short fibers and particulate reinforcements. Of course, the
MAC/GMC framework must be modified to account for nanoscale reinforcements like
the ones considered in this dissertation.
Another key issue in the multi-scale modeling of VGCNF/VE thermoset
nanocomposites is to integrate molecular dynamics (MD), analytic and/or computational
micromechanics models, and global finite element simulations for determining composite
material behavior from the molecular to global structural scales. As part of a parallel
study, novel MD simulations are being performed with the goal of characterizing the
chemistry, structure-property relations, and geometry of the interphase region arising
between nanoreinforcements and matrix by the multi-functional composite research
group at Mississippi State University [Nouranian et al. 2011]. Appropriately averaged
VGCNF/VE interphase properties and interfacial strengths developed using MD
simulations can be employed in analytic and/or computational micromechanics models
aimed at determining effective material properties of VGCNF/VE nanocomposites.
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This overarching investigation aims to facilitate the development of engineered
multiscale materials design by providing insight into relationships between nanomaterial
fabrication/processing, chemical and physical characteristics, and interaction and
evolution of structure across disparate spatial scales that lead to improved macroscale
performance.
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